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Abstract 
ABSTRACT 
A DESIGN TOOL FOR SIZING THERMOSYPHON SOLAR WATER HEATERS 
Today, thermosyphon solar water heaters are the most popular type of solar water heaters for 
providing households with the required hot water for domestic purposes. However, sizing and 
designing these systems is still based on experience or on trial and errors methods, which are 
based more on intuition rather than scientific methods. 
The present study is aimed at addressing this problem (sizing thermosyphon systems) through 
the development of a design tool that can be used by engineers and manufacturers to arrive at 
optimised systems designed according to the weather and operating conditions of particular 
geographical locations. 
The design tool developed during the course of this study is based on the TRNSYS simulation 
programme for evaluating the thermal performance of thermosyphon systems, and on the 
genetic algorithm approach for the purpose of optimising selected design parameters of 
thermosyphon systems. 
A thorough literature review of the available models and software packages that are capable of 
evaluating the performance of thermosyphon systems has shown that the best available 
programme is TRNSYS, namely the component Type 45 (thermosyphon collector-storage 
component). However, the component Type 45 in its current form cannot be used directly for 
the purpose of optimisation, because this component relies on information that must be 
determined experimentally. This means that the component is mainly used for evaluating the 
thermal performance of already-made and tested systems under varying operating and climatic 
conditions. For this reason, two components developed in this research have been added to 
the TRNSYS suite to account for information that would otherwise have to be determined 
experimentally. 
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Abstract 
The new components are: solar collector characteristics component Type 210; and pipes -
tank heat loss coefficients Type 211. Furthermore, the component Type 45 is also modified to 
accept as, inputs, the outputs from the previous two new components. The modified 
component is named as modified thermosyphon component Type 245. 
The new components are validated experimentally and by using reports of tests conducted 
according to the appropriate European standard. The modified component Type 245 does not 
require any validation, as no changes were made in the main programme, except that of 
altering the experimentally-determined information from being parameters to instead being 
inputs in the TRNSYS terminology. 
The newly validated components were added to the original TRNSYS model so as to constitute 
a modified TRNSYS model which is used throughout this work. The modified TRNSYS model 
was· then used to perform a parametric study of the design parameters of thermosyphon 
systems. 
A genetic algorithm routine for constrained single objective optimisation problem was used, and 
the constraints are handled by using the stochastic ranking procedure. The genetic algorithm 
programme is combined with the modified TRNSYS model to constitute the final design tool. 
The design tool is used in this study to find the optimum thermosyphon system design that best 
suits Libyan families (as a case study in this research) according to the weather conditions of 
Tripoli and a simple, but representative, hot water load pattern. The design tool is shown to 
have significant potential, and with further development and validation would be capable of 
commercial application. 
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Chapter 1 Introduction 
1.1 Background and Motivation 
1.1.1 General 
Undoubtedly, energy represents the fuel of contemporary life and is essential for the 
development of human society. It is becoming an indispensable part of our daily life and 
activities. Sources of energy are various but fossil fuel energy, also known as 'conventional 
energy', remains the main source for all activities. The conventional energy sources of our 
planet are limited; since the start of the industrial revolution, conventional energy sources have 
been extensively exploited, so now they are gradually depleting. From the proven reserves for 
fossil fuels, it is anticipated that oil will run out by 2045 and coal by 2159 according to the world 
consumption rates of 2005 [1]. On the other hand, world population and people's standard of 
living are ever increasing. For instance, in Japan the energy consumption in residential building 
has doubled in the last 25 years whereas the population growth is only by 10% in the same 
period [2]. This is probably attributed to the change of people's life style and to the increased 
use of domestic electric appliances. 
1.1.2 Environmental Problems and Climate Change 
Conventional energy is the main cause of carbon dioxide (C02) emission which is, arguably, 
the cause of environmental changes like: acid rain, desertification, global warming and, 
consequently, increases in the number of natural disasters. It has been reported that, natural 
disasters were increased six times during the last three decades (75 events in 1975 and 450 
events in 2005) [3]. In recent years, natural disasters are spread more across the countries. On 
average, 116.3 countries were hit by disasters each year during the period 2000-2006, 
however, in 2007 133 countries were hit by natural disasters making 2007 the third highest 
year ever recorded for such events [4]. The Intergovernmental Panel on Climate Change 
(IPCC) have reported that the global warming over the last 50 years is attributed to human 
activities, and will continue to change the composition of the atmosphere, and hence the global 
mean temperature and sea levels will also continue to rise for many centuries [5]. Potentially, 
renewable energy can significantly contribute to mitigate the environmental problems. 
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It can be concluded that the environmental problems are due to the increase in the world 
population, energy consumption and industrial activities. Achieving solutions to such problems 
requires long-term political actions for sustainable development. For instance, it appears that 
complying with the Kyoto protocol (one of the important steps towards reducing the impacts of 
environmental problems) to reduce by 2012 the emission of greenhouse gases by 5.2% of 
1990 levels is unachievable in most of the industrialised countries that ratified this treaty. This 
is due to increasing industrial competitiveness [6], and will not occur unless additional action is 
taken to support increased development and accelerate implementation of clean renewable 
energy applications. The average annual increase in emission of C02 in the period between 
1990 and 2000 was 1.1 % per year. Whereas, between 2000 and 2005 the increase was 2.9% 
per year due to the high economic growth and the increase in the oil prices that led to increase 
in coal·fired power generation [7]. 
Clearly, the world today is facing challenges in meeting energy needs, in the shadow of limited 
energy resources, population growth coupled with dramatic increase in energy prices 
especially oil, as well as the environmental issues related to the use of such energy resources. 
Until 2005, there were two billion people worldwide who had lack of access to modern forms of 
energy [8]. Therefore, the need for accessible and affordable clean energy supplies is vital for 
continuation of economic and social development. 
1.1.3 Alternative Sources of Energy 
Sunshine, wind, ocean power (wave, tidal thermal), biomass and hydrogen are abundant 
alternative sources of clean, renewable, sustainable and 'free of charge' (apart of exploitation 
costs) energy. These have still not been fully exploited, although the research and 
implementation of some of these technologies are dated back to nearly a century. In fact, the 
stumbling block in utilizing such resources is due to the high initial cost of the technologies. 
The world needs to increase utilisation of renewable energies, encourage the efficient use of 
energy and improve the efficiency of equipment in order to meet the future demand and for 
gradual replacement of conventional resources. The increase in energy demand is estimated 
as 60% by 2030, an average annual increase of 1.7% per year [9]. This increase in demand 
should be met by a variety of energy sources whilst considering the environmental issues and 
not compromising the opportunities of future generations. This means that, to realise this 
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target, renewable energies should provide an essential part of the energy demand. It is 
estimated that renewable energies supplied 18% of the world's final energy consumption in 
2006 [10] as shown in Figure 1.1. Fossil fuels dominate the world energy supply, whereas 
traditional biomass accounts for 13% of energy consumption which is mainly used for cooking 
and heating. However, the increased use of biomass has had a negative impact on global 
warming. The clean renewable energy shares only 5% of the world energy supply which is 
currently too far from being an effective supply of energy. 
t1'I Biomass 0.3% 
III Power generation 0.8% 
III Hot water\heating 1.3% 
SI Large hydropower 3% 
13 Traditional Biomass 12.6% 
Figure 1-1 Renewable Energy share of global final energy supply, 2006 [10] 
1.1.4 Aspects of Energy Consumption 
Globally, energy consumption in buildings represents approximately 36% of primary energy 
use in 2000 as shown in Figure 1.2 [11]. Most of this energy is for the provision of heating, 
cooling, lighting and air conditioning. The rational use of energy and efficient use of daylight 
through windows to reduce energy demand for heating and electric lighting, can reduce energy 
consumption in buildings significantly if properly designed. Furthermore, using renewable 
energy technologies for heating, cooling and hot water can reduce the dependence on 
conventional energy substantially. It is estimated that 80% reduction of the energy consumed 
and green house gases emission in building can be achieved when developed high 
performance technologies combined with integrated passive solar design is used [7]. Currently, 
buildings account for more than 40% of the global carbon dioxide emissions [12]. 
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Buildings 
36% 
Agriculture 
3% 
Transport 
27% 
Industrial 
34% 
Figure 1-2 World primary energy consumption by sectors, 2000. 
Solar energy is the most abundant energy resource on earth. The solar energy received on the 
earth's surface for an hour is equivalent to the whole energy used by human activities in a year 
[7]. Additionally, solar energy may be converted to other forms of energy by several conversion 
processes. These include direct conversion to electricity through the use of photovoltaic cells, 
or thermal conversion (passive or active) to heat water or air. Such technologies include flat 
plate solar collectors, evacuated tubes, and parabolic trough collectors, among others. 
Industrial 
1.2 Solar Energy and Residential Buildings 
Solar energy, received on our planet as the sun's rays, contributes to maintain the temperature 
of the planet within adaptable limits. It varies from place to place due to the elliptical movement 
of the earth around the sun, hence, the temperature and weather conditions vary accordingly. 
Residential buildings are essential for every human-being, these being the places where 
people spend most of their time. 
Modern houses run with different sources of energy, and the most common form is electricity. 
The amount and type of energy used by households varies from country to country and 
depends on natural resources, climate and income. A unified global figure of the breakdown of 
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energy use in houses is impossible. However, a typical breakdown of energy use in houses in 
selected countries is shown in Figure 1.3 [13]. 
It is evident from Figure 1.3 that space and water heating represent an appreciable amount and 
should be receive primary consideration when aiming for energy demand reduction. 
Refrigrat 
ion 
8% 
(A) 
Water Other 
3% 
(8) 
Figure 1-3 Breakdown of Residential sector energy use in USA 2005 (A) and China 2000 (B). 
1.2.1 Hot Water for Residential Buildings 
Hot water in domestic buildings is utilised in many aspects such as bathing, washing up, 
cleaning and even space heating. The conventional method of heating up the water is by using 
electricity or gas water heaters. Recently, solar water heating systems have started to be used 
as an alternative to conventional water heaters. It is estimated that 50 million households 
worldwide have been using solar water heaters up to 2005 [10]. These systems have negligible 
operating cost compared to conventional hot water systems. However, the high initial cost of 
these systems is the main obstacle to their more common usage. In 2006 global solar hot 
water capacity increased by 19% over the past year to reach a total of 105 Giga watt·thermal; 
Figure 1.4 shows countries that have contributed the most to this growth [10]. 
Today, there are several types of solar water heaters in use worldwide, and the most common 
of these systems of are the thermosyphon type. For instance, the European commission 
expects that 100,000,000 m2 of solar collectors will be installed in Europe by the year 2010. It 
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is significant that, of the 15,000,000 m2 of solar collectors that have been installed up to the 
year 2003, 95% of those systems were thermosyphon systems [14). 
On the other hand, forced circulation systems are commonly used in relatively cold climatic 
regions. These systems require a pump to circulate the fluid between the collector and the 
tank, and a controller to govern the pump function. 
-----_._--
China 
64.5% 
2.1% 
United States 
1.7% 
Australia 
1.2% 
hdia 
Other South Africa 1.1% ~% ~% I 
... -------------.------------~-.----.---
Rgure 1-4 Solar hot water I heating capacity of selected countries, 2006 [10] 
1.2.2 Thermosyphon versus Forced Systems 
Thermosyphon (natural circulation) systems are pump free devices and do not have any 
control or mechanical moving parts. Such systems have low initial and running costs compared 
to the equivalent forced circulation systems. Furthermore, these systems can perform as 
effectively as forced circulation systems [15). 
A study by Malkin [16) using the TRNSYS simulation program was conducted to compare two 
active systems having different deadband settings, namely: perfect controller (0 QC, 0 QC) and 
optimum controller (8.9 QC, 1.7 QC), and one thermosyphon system. Without considering the 
energy required for the pump in the active system, the results show little difference in the 
performance between the thermosyphon and the active system with the optimum controller at 
low flow rate. At the optimum MdML ratio (Mc is the average daily collector volume flow rate; 
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ML is the daily load volume), the active system performed slightly better than the thermosyphon 
system. However, at flow rates greater than the optimum (which occur often in practice), the 
thermosyphon system performed better than the active system. 
Another simulation study by Morrison and Tran [17] compared the relative merits of active and 
thermosyphon systems with in-tank boosters, when all other factors are maintained the same. 
In different cases the results showed that the annual performance of thermosyphon systems is 
slightly better than that of active systems. The authors attributed the difference to the better 
thermal stratification in the thermosyphon system. 
In conclusion, experimental and simulation studies of thermosyphon systems have shown that 
in most cases they have a slightly better thermal performance than active systems. In addition, 
thermosyphon systems are autonomous in operation and there are no moving or control parts 
which in turn mean less maintenance, possibly longer-life and relatively lower cost. These 
factors make thermosyphon systems better than pumped systems in hot and moderate 
climates. 
On the other hand, incorrect sizing of thermosyphon systems contributes to their high costs. In 
fact, most of these systems were designed and manufactured based on trial and error methods 
which are more based on intuition rather than scientific methods [18]. To date, there is no 
systematic clear tool for designing such systems that can be used by manufacturers to design 
proper systems to suit various criteria of location, weather, family size and load distribution. 
Such a tool is ultimately required to provide cost-effective systems that might contribute to the 
more widespread adoption of these systems especially in the developing countries. This thesis 
aims to develop such a tool. 
1.3 Aims and Objectives of Thesis 
1.3.1 Aim 
The aim of this research is to develop a tool for use by designers that is capable of producing 
optimised designs for direct thermosyphon solar water heating systems for any geographical 
location where such a system is likely to be deployed. The tool will be based on the TRNSYS 
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simulation program for evaluating the thermal performance of thermosyphon systems, together 
with the genetic algorithm approach for the optimisation. 
1.3.2 Objectives 
1. To develop a suitable simulation model of thermosyphon system performance in the 
TRNSYS environment that is capable of operating with an optimisation process. This 
will require adding new components to the TRNSYS simulation suite. 
2. To validate the new model through the individual validation of the new components via 
experimental work. 
3. To develop an optimisation routine (optimiser) that is capable of solving the problem in 
a multivariable manner. 
4. To build the design tool by combining the optimisation algorithm with TRNSYS 
simulation model. 
5. To apply the design tool for a suitable location (for this case Libya is chosen) in order 
to find the optimum thermosyphon system design for that particular location and to 
provide guidance for more widespread application. 
1.4 Thesis Structure 
The work has been organised into eight chapters. A brief description of these chapters is given 
below. 
Chapter 1 
This is an introductory chapter which gives a brief idea about the importance of energy on our 
daily life, the issues of using conventional energy sources and the motivations of using 
alternative energy sources such as renewable energies. This chapter also introduces ways of 
heating water in domestic buildings and gives a detailed discussion on thermosyphon solar 
water heaters which is the main concern of this study. Finally, the aim and the objectives of the 
study are given. 
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Chapter 2 
A historical up-to-date review of influential research on modelling and evaluating the thermal 
performance of these systems is given in this chapter. The literature is structured to 
demonstrate the development of thermosyphon models and illustrates the best available 
models used by researchers recently. Some of the most important research on the design 
parameters of thermosyphon solar systems is also presented in this chapter. 
Chapter 3 
This chapter is describes the modelling of two new components added to the TRNSYS 
simulation programme. The first component added is the collector characteristics component 
Type 210. This component is mainly to determine the characteristic performance of flat plate 
solar collectors. The second component is the Pipe-tank heat loss component Type 211, this 
component is mainly to find the overall heat loss coefficients of the connecting pipes and the 
storage tank of the solar system. Adding these two new components into TRNSYS will allow 
the design parameters of the solar system to be changed during the simulation. 
Chapter 4 
The validation of the new components developed in chapter 3 is presented in this chapter. Four 
test reports, conducted according to the European standard in this regard, were used to 
validate the collector characteristics component Type 210. At the same time, experimental 
work is conducted using two hot water cylinders and the results are used to validate the 
theoretical tank model. In this chapter as well, the new arrangement to model thermosyphon 
solar water heaters in TRNSYS is used. The modified model is validated against the original 
TRNSYS model which is the usual way of modelling thermosyphon systems in TRNSYS. 
Chapter 5 
The modified TRNSYS model developed in the previous chapter is used here to perform a 
parametric study on the design parameters of the thermosyphon system. The idea behind this 
is to find those key design parameters that can be considered as design parameters for use in 
the design tool (which is the main concern of this study). Furthermore what is conducted, to 
demonstrate the behaviour of each design parameter on the system performance? In this 
chapter as well, an overview on Libya is given as the case study chosen for this study. 
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Chapter 6 
This chapter concerns the development of the optimisation programme to be used in 
conjunction with the modified TRNSYS model to complement the design tool. An overview on 
optimisation methods, particularly evolutionary algorithms, has been given and the details of 
the genetic algorithm used for this study are also given. The remainder of this chapter presents 
the linkage between the optimisation programme (optimiser) and the modified TRNSYS model 
to constitute the final design tool. 
Chapter 7 
In this chapter, the results of implementing the design tool are presented. The design tool is 
implemented to find the optimum thermosyphon solar water heater that can provide 180 litres 
of daily hot water at a temperature of 60 C. Differing input information, different system design 
configuration, effects of some design parameters and effects of different usage data are also 
studied. A discussion of the results is given and some important conclusions are mentioned 
during in this context . 
. Chapter 8 
In the final chapter of this study, the conclusion and recommendations are presented. 
Conclusions are given on some of the important issues drawn from the development of the 
work to achieve the main goal of this study. Moreover, a recommendation as to how to 
practically implement the design tool is made, together with suggested future work to improve 
or to extend the use of the design tool in future. 
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Chapter 2 Literature Review 
2.1 Introduction 
The focus of this study is to develop a design tool for sizing direct thermosyphon solar water 
heating systems. A literature survey reveals many design methods that are available for sizing 
and investigating solar thermal systems in general. These design methods can be classified 
from very simple ones (correlation-based methods) such as the F-chart design method [19], 
(f - F chart [20], simplified model (IlT Model) [21] and design nomograms [22] to very 
detailed and sophisticated programmes (simulation based methods), such as WATSUN [23], T-
SOL [24], MINSUN [25], POl YSUN [26], and TRNSYS [27]. 
Whilst all these programs are capable of handling active solar water heaters, most are not able 
to handle thermosyphon solar water heaters, except for TRNSYS. Moreover, in the current 
version-16 of TRNSYS [27], the thermosyphon model Type 45 requires some information that 
must be experimentally-determined. Therefore, the current version cannot be used directly for 
the purpose of sizing and optimising thermosyphon systems. It is thus mainly used for 
predicting the performance of already-made systems under varying operating and climatic 
conditions, and for limited optimisation of some system design variables. 
Development of an accurate program for both sizing and optimising thermosyphon solar water 
heating systems is becoming an essential requirement in many places in the world favoured 
with moderate and hot sunny climates. Such a program will allow engineers and solar water 
heater enterprises to assess and produce appropriately sized systems. 
Sizing thermosyphon solar water heating systems is not an easy job; on the contrary it is a 
complex problem involving a number of interrelated factors such as collector size, storage tank 
size, the hot water consumption pattern, climatic conditions, and a number of economic 
parameters. In addition, selecting the correct materials and methods of fabrication can make a 
big difference to the efficiency and durability of the system. 
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Before starting the literature review, an overview of thermosyphon solar water heaters is given, 
followed by presentation of the most influential works to date that contribute to the development 
of modelling the thermal performance of thermosyphon systems. In addition, some important 
works that demonstrate the effect of design and operation parameters on the performance of 
thermosyphon systems are also presented. 
2.2 Overview of Thermosyphon Solar Water Heaters 
Thermosyphon (natural circulation) solar water heaters (as shown in Figure 2.1 and 2.2) are 
devices used for providing households with the required supply of hot water. Basically, part of 
this energy comes from the sun and the remaining part comes from conventional energy 
sources to arrive at the desired set temperature. The magnitude of the solar energy portion 
depends upon many factors, such as the size of the solar system, prevailing weather 
conditions, hot water consumption volume and pattern, and the system performance. 
Supporting 
Frame·· 
~ ....... _... Vertical Storage 
Tank Upriser 
Downcomer 
Figure 2-1 General view of one and two-collector systems with vertical storage tank 
The operating principle of thermosyphon systems is based mainly on the buoyancy 
phenomenon, where the difference in density between the warmer liquid in the solar collector 
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side and the colder liquid in the storage tank side makes for an imbalance in the gravitational 
body forces in the loop. This makes the liquid circulate naturally and transport the heat from the 
collector to the storage tank. This process is repeated whenever (and as long as) the solar 
irradiance is enough to generate this difference in densities. Figure 2.3 illustrates this process. 
Horizontal Storaae Tank 
Downcomer 
L..-______________________ . 
Figure 2-2 General view of one and two-collector systems with horizontal storage tank 
The main components of the thermosyphon systems are: solar collector, storage tank, 
connecting pipes, heat exchanger (in indirect systems), and check valve in some configurations 
to prevent reverse flow. In fact, different configurations (vertical or horizontal tank, direct or 
indirect loop, and compact closed system or separate) are in common use. However, they are 
all mostly based on the same operating principle. 
Encouragement to the widespread use of this technology is the fact that the construction and 
manufacture of many simple and effective designs of thermosyphon systems are easily 
achievable in most developing countries. Moreover, recent developments in polymer 
technology have produced materials that can substantially save on the cost of solar water 
heaters without sacrificing the efficiency. The collector is relatively cheap, light, and non-
corroding, with the cover made from UV-stabilised polyethylene. This is already being used in 
manufacturing solar systems in some countries [28]. 
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Rgure 2-3 description of the operating principle of the thermosyphon system 
The use of polymer materials (for the absorber plate, pipes, cover and the collector casing) 
reduces the collector weight by 50% in comparison with a traditional metal collector, which 
implies easier installation [29]. 
2.2.1 Thermosyphon System Components 
In this study we will focus only on the direct thermosyphon solar water heaters equipped with a 
flat plate solar collector and a vertical or horizontal storage tank. The main components of the 
system are described next. 
Solar Collector 
This is the most important part in the solar system. It is a very special type of heat exchanger 
which converts the solar radiation that hits the solar collector absorber into thermal energy that 
heats the working fluid flowing through passages or tubes. The main components of the flat 
plate solar collector are shown in Figure 2.4 and are described in turn below. 
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Absorber Plate: The absorber plate usually comprises one sheet or several small 
rectangular sheets (fins) made from a wide range of high thermal conductivity materials, 
including copper, aluminium, stainless steel, galvanized steel, mild steel or even low thermal 
conductivity materials such as polymer. Due to the poor solar absorptivity of such metals, the 
plates are usually painted with a matt black paint (non-selective coating) or are electroplated 
with a selective coating to increase their absorptivity to solar radiation and reduce their 
emittance to infrared radiation. Such coatings are: black chrome, black nickel, and aluminium 
oxide with nickel. Tubes or ducts are usually welded or bonded to the absorber plate. Better 
performance can be achieved by improving the heat transfer from absorber to the fluid. 
flat· Plate Collector 
Row tllbe-"/ 
Ab;olb4ir rbt'l'~·~/'~· " 
~' ~ . 
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Rgure 2-4 Flat plate solar collector, Source [30] 
OLl1lct 
Transparent Cover: The absorber is usually covered with one or two transparent covers, the 
commonly-used cover materials consisting of tempered glass, standard glass, or plastic. The 
cover is mainly used to protect the absorber plate from weather conditions and to reduce 
convective heat transfer from the top. It is transparent to the incoming solar radiation and 
relatively opaque to the outgoing long wave radiation, creating a greenhouse effect within the 
collector. In addition, it is also used to protect the absorber plate from environmental effects 
(damage, dirt, etc.). 
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Insulation: A layer of insulating material is usually placed along the sides and back of the 
collector to reduce heat losses. The insulating material must have low thermal conductivity, and 
be able to withstand the temperature as well as stresses encountered during the operation of 
the collector. The commonly-used materials are mineral fibre, glass fibre ,glass wool and 
polyurethane foam [31). 
Seals: To protect the solar collector from weather condition, it is very important to seal 
perfectly the junction between transparent cover and casing by using proper sealing materials. 
The major requirements of the sealant are to withstand a range of collector operational 
temperatures, to have good mechanical properties, and good weathering resistance. The most 
commonly-used materials are EPDM (Ethylene Propylene Diene Monomer) and Silicone 
rubbers [31). 
Casing: The above-mentioned components are usually put inside a casing box made from 
galvanised steel or aluminium to protect the component from environmental effects. 
Storage Tank 
Due to the intermittent nature of solar radiation that makes a mismatch between the solar 
energy supply and hot water demand, storage systems are necessarily required for solar 
systems. Investigation has shown that the storage tank is the most important component for 
small domestic hot water systems with regard to the thermal performance [32). In the solar 
system, the storage tank is the unit responsible for storing the hot water in the upper part of the 
tank and feeding the collector with cold or less hot water from the bottom of the tank. The 
natural temperature gradient phenomenon observed in the tank is called thermal stratification. 
Research has shown that the thermal stratification in the tank has a great influence on the 
thermal performance of the solar system. Moreover, the thermal de-stratification in the tank due 
to mixing during draw-off can cause a decrease in the annual performance of up to 23% [33). 
The tank is usually made in a cylindrical shape from galvanised steel or stainless steel, and 
wrapped by proper insulation such as fibre glass or polyurethane foam to preserve the thermal 
energy gained from the collector. A thin sheet of galvanised steel is usually used to cover the 
insulation and protect it from the environmental effects. 
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Connecting Pipes 
In thermosyphon systems, connecting pipes consist of two parts. Firstly, there is a downcomer 
which is the part of the pipe that connects the bottom of the tank with the inlet at the top of the 
collector. Secondly, there is the upriser which connects the outlet of the collector with the inlet 
to the storage tank. By connecting these two pipes, the complete (open or closed) loop is 
formed. Connecting pipes must be insulated well to prevent heat losses and slightly sloped to 
prevent formation of air pockets which would stop circulation. 
2.3 Modelling of Thermosyphon Systems 
The literature reveals that a great deal of work has been carried out to investigate and model 
the thermal performance of thermosyphon solar energy water heaters. In fact, most of these 
studies were conducted in the period between the 1960s and the end of the 1980s. An 
extensive review covering an essential part of this period is given by Norton and Probert [15]. 
These studies vary between theoretical (simulation models), experimental and both together. 
From experiments you can obtain valuable information. However, theoretical approach or 
simulation modelling can have many advantages over experiment, as we can predict easily 
(and to a satisfactory accuracy) the performance of systems under varying climatic conditions, 
design parameters, and operating conditions in a very short time compared to experiments. In 
addition, simulation models can be used for design purposes and for optimizing the design 
parameters of the systems. Furthermore, there is no need for very expensive test rigs equipped 
with accurate instruments. Nevertheless, modelling thermosyphon systems is a quite 
complicated problem due to the thermosyphon action that changes the flow rate through the 
circulation loop in response to the weather condition and the system geometry. 
The following section gives an overview of some very important work on thermosyphon 
modelling and discusses its strengths and weaknesses. 
Most of the earlier studies were based on the first detailed study conducted by Close [35]. 
These studies impose many assumptions to simplify the problem and produce algebraic 
equations that can be used to predict roughly the main system temperature and mass flow rate 
through the system loop for the case of no hot water removal from the tank during the daytime. 
Close [35], observed experimentally that the average collector temperature was only slightly 
17 
Chapter 2 Uterature Review 
higher than the average tank temperature. Based on this fact, a simple analytical model for 
predicting the day time performance of such a system under the condition of no water drawn 
during the day and for a clear sunny day is developed. Using simple instantaneous heat 
balance equations for the tank and the absorber, and neglecting the heat loss from the 
connecting pipes, he was able to generate a differential equation describing the time variation 
of the average tank temperature. In this way, a closed form solution for the system mean 
temperature is obtained and the inlet and outlet collector temperature as well as the flow rate 
are computed. The method is very simple but is limited by specific system configuration. 
Gupta and Garg [36] have made a little improvement on the analysis of Close [35] by 
introducing a collector plate efficiency factor and by taking into account the effect of system 
thermal capacity. Ambient temperature and solar radiation are represented by Fourier series 
expansions with time. These modifications made the model valid also for cloudy conditions. 
However, the condition of no daytime water draw and reverse flow during the night were still 
retained. In validating this model, daytime and night time experiments were made. Daytime 
predictions agreed well with observations for mean tank temperature, while the inlet and outlet 
temperatures were found less satisfactory. This is because of the assumption that different 
components of the system have equal mean temperatures. Night time temperatures 
observations were found to be almost half way between the predicted values for the cases of 
coupling and decoupling the storage tank. Too low predicted values in case of coupling due to 
the effect of the night heat loss resulting from the tank and reverse flow. While, in case of 
decoupling only heat loss from the tank is considered. 
Ong [37,38] extended the work of Close [35], and Gupta and Garg [36] by employing a finite 
difference solution procedure and a different formulation of the plate efficiency factor. Avoiding 
the inadequacies of the earlier models, Ong [38] rectified the unrealistic equal-mean-
temperatures assumption by divided the system into a finite number of sections, with each 
section having a uniform temperature instead of using a single mean temperature for the whole 
system. This solution technique enabled fluid properties and therefore heat transfer and fluid 
flow friction coefficients to be varied with temperature and water flow rate in each time step in 
the solution procedure. In both studies, Ong simulated and measured the mass flow rate, mean 
tank temperature, collector efficiency and mean system efficiency. There was some agreement 
between the predicted temperature and those measured in one particular system near the 
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middle of the insolation period, but large differences were observed at other times. These may 
be attributed to the inadequate representation of the thermal capacities of the system. 
Sodha and Tiwari [39] have performed a study based on the formulation of Ong [38] except 
allowance for hot water withdrawn from the tank was made. In addition, explicit expressions 
were obtained from the analytical solution of the energy equations. The results of hourly mean 
water temperature (for the water in the tank) in the case of no hot water withdrawn showed 
better agreement with the experiments compared to the corresponding results of Ong. 
However, in the case of hot water being withdrawn from the tank, the results for hourly mean 
water temperatures were obtained for constant flow rate and constant mean system 
temperature. No comparison with experimental data or other studies was made. 
Norton and Probert [40] have developed a design model to compute the minimum area of a flat 
plate collector that is required to satisfy a specified hot water requirement. In addition, the 
model can predict the energy gain from the system. The model is based on the experimental 
observation that the temperature difference across the collector remains almost invariant 
during the insolation period. However, the model has a limited size of collector and tank ratio 
HI / DI (tank height I tank diameter); Furthermore, the model assumes a linear increase of the 
mean temperature in the tank during the insolation period and no allowance for hot water 
drawn off from the tank. 
The results for the system efficiency for a specific system constructed by the design method 
have shown good agreement with experiment. 
Several studies [41,42,43,44] were published after that which treated more rigorously the 
variation of flow rate through the circulation loop, as well as the effect of diurnal hot water 
withdrawal from the system. 
Malkin et a1.[4S] modified the f-chart method to predict monthly and yearly performance of 
direct thermosyphon solar water heaters. The thermal stratification in the storage tank is 
accounted for through use of a modified collector heat loss coefficient. The varying flow rate 
during the day and the year in a thermosyphon system is calculated through use of a fixed 
monthly "average equivalent" flow rate. 
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The design method requires only monthly average meteorological data and a description of the 
system component geometry as an input. 
Annual· solar fraction results obtained by the modified method for a wide range of 
thermosyphon systems were compared with detailed TRNSYS simulation results, with good 
agreement being obtained to within an RMS error of 2.6%. 
Huang and Hsieh [46] have developed a simplified simulation model based on the Hottel-
Whillier-Bliss equation for the absorber, and Close's model for the thermally-stratified tank [81]. 
They have employed a new semi-empirical relation for computing thermosyphon loop 
resistance, and the collector characteristic parameters were determined experimentally 
according to ASHRAE standard 93-77 [47] and incorporated in the model to eliminate errors 
caused by its theoretical calculation as well as to speed the computation. 
An experimental investigation was carried out for a number of single day performances, and a 
separate test was conducted to determine the total frictional head of the loop to be used in the 
model. The agreement between experiment and prediction of the mean values of mass flow 
rate and temperature distribution in the tank were reasonably good. 
Another full year experiment for testing long term performance was also conducted. In this 
case, no hot water was drawn in the day time. Good agreement between simulation and 
experiments was also obtained. 
Based on measurements reported by Morrison and Sapsford [48] for the year-round 
performance of six different thermosyphon systems, and on the detailed study of the 
characteristics of thermosyphon flow in typical solar system configuration by Morrison and 
Ranatunga [49], Morrison and Tran [17] developed a finite element simulation model for 
predicting the long term performance of thermosyphon solar water heaters. Allowances for hot 
water draw off and electric booster in the tank was made. 
The simulation results of monthly average solar contribution for vertical and horizontal tanks 
were compared with the observed data. Reasonable agreement was observed between 
measurements and simulation for all systems. 
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Morrison and Braun[18] have developed an efficient numerical model to investigate and 
evaluate the thermal performance of direct thermosyphon solar water heaters. The model is 
validated from test data for two different locations. This model is adopted to be a part of the 
widely used TRNSYS simulation programme [27] and named as Type 45. 
Morrison and Tran [52] have developed a reliable correlation model to predict the long term 
system performance based on data of short term monitoring of the outdoor operation of a solar 
system for a period of 2-3 months. A correlation model treats the system as a black box; once 
the coefficients are established, the model can be used to predict the long term performance of 
the system for any location and for any loads. 
Results were compared with experiments and predictions by the TRNSYS simulation program 
have shown good agreement. However, the thermostat temperature setting is limited to within 
±10°C of that used during the test, and also the cold water temperature should be within ±15 
°C of the ambient temperature. 
The study of Hobson and Norton [43] appears to be the best and the most detailed one. They 
applied transient heat transfer analysis to the collector absorber and the working fluid 
circulating through all components of the system to obtain the temperature distribution 
throughout the thermosyphon loop and the collector components. To predict the mass flow rate 
through the collector and the system, one dimensional incompressible flow was assumed to 
derive the momentum equation governing the working fluid flowing through the thermosyphonic 
loop. 
Friction factors were calculated using correlations appropriate to both non-isothermal low 
Reynolds number flows in collector risers, and to isothermal developing laminar flows present 
in the connecting pipes. The obtained set of partial differential equations with the appropriate 
. 
boundary conditions were cast in finite difference forms and solved simultaneously by using an 
implicit technique. 
Indoor facilities were set up to validate the model. Instead of using a solar simulator, electric 
heater mats bonded to the back of the absorber collector were used to simulate the solar 
energy absorbed. 
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The model gives good predictions in comparison with the measured data of mean store 
temperature, collector flow rate, inlet and outlet collector fluid temperature over the insolation 
period. However, the model failed to predict correctly over the period where no insolation 
(night) was present, especially after a quantity of water was drawn off. The authors attributed 
the discrepancies between measured and predicted values to the uncertainty in predicting the 
frictional flow losses at very low Reynolds number flows encountered during reverse flow. 
The results also show that one dimensional storage tank analysis predicted a higher degree of 
stratification. The authors attributed that to the reality that of the heat transfer process within 
the store is three dimensional. 
Since 1990 it can be noticed that there is almost no obvious research concerning the study or 
improved modelling of the dynamic behaviour of thermosyphon systems that rely on the 
analysis of the complex thermosyphon phenomena of the system by employing momentum 
and energy equations. However, the research focuses on the long term thermal performance 
prediction using the quasi-steady state models and simulation packages such as TRNSYS [27]. 
In addition to this, there was the use of new techniques based on artificial intelligence methods 
such as neural networks [53,54] to predict the thermal performance of the solar systems. Some 
of these studies are discussed below. 
Kalogirou et al. [53,54] trained an artificial neural network (ANN) to predict the long term 
performance of the thermosyphon solar water heaters. In their case, the evaluation of the long 
term performance was performed in terms of solar energy output from the system and mean 
monthly draw-off hot water at load temperatures of 35 and 40 QC. 
Thirty thermosyphon systems were tested and modelled according to the standard ISO 9459-2 
[55]. From these, 27 were used for training and testing the network, while data from the other 
three systems were used for the purpose of validation. 
The ANN model was used to predict long term performance instead of the traditional method 
• described in the standard ISO 9459-2. The advantages of this method over traditional ones are 
the speed of calculation, the simplicity, the capacity of the network to learn from examples (and 
thus gradually improve its potential and performance), and the fact that long term performance 
of new systems could be evaluated without performing extensive and long duration tests. 
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The authors considered the accuracy of the results to be acceptable for the purpose of sizing 
and designing systems. 
Brandmayr et al. [56] have used the simulation tool Matlab/Simulink and CARNOT to 
investigate thermosyphon solar water heaters with double mantle heat exchanger storage. 
The authors have improved the double mantie heat exchanger storage model used in TRNSYS 
by including user-settable material and geometric data. The improved model is validated and 
then incorporated in the Toolbox CARNOT. 
The thermosyphon model is implemented in the simulation tool environment and used to find 
the optimum collector tilt angle and the maximum usable hot water volume of Rome. The 
performance of the system in this case is evaluated from the hot water production of the 
system in accordance to the standard ISO 9459-2. 
The results show that the optimum collector tilt angle of Rome in the case of a whole year draw 
off is equivalent to the latitude and equal to 42". 
TRNSYS has been used extensively by many researchers to investigate the long term thermal 
performance, solar fraction, cost effectiveness and optimizing of the design parameter of 
different configurations of thermosyphon-type solar water heaters. 
The standard thermosyphon component in TRNSYS Type 45 developed by the work of 
Morrison and Braun [18] include flat plate solar collector, stratified storage tank (either vertical 
or horizontal), connecting pipes, auxiliary heater, and check valve to prevent reverse flow. 
However, it is restricted to a linear collector characterising function, direct thermosyphon loop 
(no heat exchanger) and stratification in the storage tank being modelled using Type 38 
algebraic tank component. In addition to thermosyphon subsystem Type 45, another 
subsystem component needs to be connected to complete the model. 
Many researchers have used standard thermosyphon collector-storage subsystem Type 45 
without adding any modifications. Some of these studies are discussed next: 
Michaelides et al. [57,58] have studied the performance characteristic of a typical 
thermosyphon system in Cyprus through the use of TRNSYS for two different load patterns. 
The effect of auxiliary heater position on the solar fraction and on the efficiency of the system 
was also studied. Michaelides et al. [59] have performed another study through the use of 
TRNSYS to investigate the thermal performance and cost effectiveness of thermosyphon solar 
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water heaters with three different solar collector tracking modes (fixed, single axis and 
seasonal tracking twice a year) under the weather and socioeconomic condition of Nicosia, 
Cyprus and Athens, Greece. 
The results show that the traditional thermosyphon with fixed collector tracking is the most cost 
effective configuration as compared with the two others. For the case of Nicosia, the solar 
fraction of the single axis tracking mode is 87.8% with a pay back period 10 years as compared 
to 81.6% and 6 years pay back with the seasonal mode. A 79.7% and 5 years pay back period 
was obtained for the traditional fixed system. The same trend with lower efficiencies was 
obtained for the case of Athens, Greece. 
Kalogirou and Papamarcou [60] have performed a study by using TRNSYS to model a certain 
thermosyphon system, and they validate the model by conducting experimental work for 25 
days spread over 6 months. The storage tank temperature rise was used to validate the model. 
Long term performance is estimated by using weather values of TMY file of Nicosia, Cyprus. 
The yearly solar contribution was found to be 97%. 
On the other hand, some modifications have been introduced into the standard TRNSYS 
thermosyphon collector-storage subsystem Type 45 to account for certain system 
configurations. Some of these studies are mentioned below. 
Morrison [61] has reported some extensions to the TRNSYS program, incorporated into a new 
package which he called TRNAUS, to suit the range of solar water heating products in use, or 
being developed, in Australia. The thermosyphon system component Type 45 has been 
extended to model thermosyphon systems with heat exchanger coupling to a stratified storage 
tank, the new component was called Type 145. The program extended the analysis to include 
collector to tank heat exchangers in the form of a wrap around coil outside a vertical tank, an 
immersed coil or a horizontal tank-in-tank heat exchanger. Nonlinear correlation functions to 
characterize solar collector performance as recommended in Australian standard AS2535 were 
also incorporated in the thermosyphon routine. 
Anders et al. [62] have used TRNSYS to study the thermal performance of a solar domestic hot 
water system with a horizontal and mantle heat exchanger. They made a modification to the 
standard Type 45 and Type 38 to account for indirect solar systems with mantle heat 
exchanger, and the hot fluid inlet is placed at the upper part of the heat storage tank which 
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represents the common systems used in Spain. This study differs from the earlier study by 
Morrison [61] where the hot fluid inlet was placed at the bottom of the annulus of the mantle 
heat exchanger. 
Anders et al. have conducted experimental work to validate their models. They found good 
agreement in predicting energy delivered (to within 3%). Also, the new TRNSYS model 
represents quite well draw off temperature but shows some discrepancies in large discharges. 
In a different way, some researchers [16,45,52] have used TRNSYS to validate their models. 
Nguyen and Pryor [63] have produced a computer program for simulating solar water heating 
systems. The program is validated by using the TRNSYS program and highly reliable results 
were obtained. The program was used to study the feasibility of solar water heating (SWH) 
systems in Vietnam for both domestic and commercial sectors. For the domestic sector, three 
locations representing the main climatic types in the country and the optimum criteria for 
designing SWH systems for a medium size family were investigated. The results showed that 
the use of SWH systems is not yet economically competitive with electrical hot water systems 
in Vietnam. 
2.4 Design Parameters Optimisation of TSWH's 
The high initial cost of the solar equipment is one of the most important factors affecting the 
wide spread take-up of this technology. Therefore, investigators have attempted to reduce the 
cost of the equipment without affecting the thermal performance and durability of the systems. 
This can be achieved by correctly choosing the material, method of fabrication and then sizing 
the design parameters of the system to be the optimal ones. Accordingly, the optimum value of 
a parameter is defined as the value that maximises the annual effidency and solar fraction of 
the system. 
Significant work has been published on the optimisation of the design parameters of 
thermosyphon systems, such as the solar collector, storage tank, connecting pipes, material, 
and system dimension and configuration. It has been observed that each parameter has a 
certain level of influence on the system performance and optimum values were recommended. 
Occasionally, some restrictions would be imposed during the design phase for several 
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considerations, such as aesthetics, availability of material, prevailing weather conditions, etc. 
These might reduce the system performance or increase the capital cost of the system. 
The following sub-sections will give a brief discussion on the most important design parameters 
that have an influence on the system performance. 
2.4.1 Solar Collector 
Many studies [36,64,65,66,67,68] have been conducted to investigate the effect of the design 
parameters of the collector on the performance of the system. The flat plate solar collector 
consists of many parts as illustrated in Figure 2.4. It has been concluded from the 
aforementioned studies that the most influential parts of the collector which will also be 
considered in this study for the optimization are absorber plate, header and riser tubes, 
transparent cover, gap spacing between absorber and cover plates, and insulation material and 
thickness. 
Absorber Plate 
The absorber plate of the flat plate collector is characterised by the area of the plate Ap, 
thickness of the plate t5 p' plate thermal conductivity kp, and the absorptivity a p and emissivity 
£ p of the absorber coating. 
The size of the absorber plate is dependent strongly on many factors such as the prevailing 
weather conditions, operating conditions and solar fraction as well as many other parameters. 
The essence of choosing the right area comes from the fact that it is the part that identifies the 
size of the solar collector, this being the most expensive part in the solar system. 
The absorber plate should be of high thermal conductivity, mechanical strength, and resistance 
to corrosion [69]. Different metals were commonly used in manufacturing absorber plates and 
their thermal conductivity are shown in Table 2.1 [70]. It has been observed that the annual 
solar fraction is improved by 4% • 8% and the characteristic factors (fin efficiency, collector 
efficiency, and heat removal factor) are improved by about 12% • 22% when a steel absorber 
plate is replaced by a copper plate [64]. Fin efficiency has been the concern of many 
investigators [65,66,71]. They have compared different profile shapes of the absorber (fins) and 
showed that trapezoidal and rectangular profiles with a step change in local thickness (RPSL T) 
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have slightly better performance (and reduction in material) than the commonly used shape i.e. 
rectangular profile. However, this study is restricted to rectangular fins of constant thickness 
because it is the most commonly used one, and because of the difficulties in manufacturing 
other profiles. 
Table 2-1 Thermal conductivity of some materials 
No Material Thermal conductivity W/m QC 
1- Copper 376 
2- Aluminium 205 
3- Mild Steel 50 
4- Stainless steel 24 
Headers and Risers 
There are many configurations of solar collectors in use today. The most common ones are: fin 
and tube, serpentines, and sandwich. Among them, the flat plate solar collector with a set of 
equidistant parallel pipes (fin and tube) is the most popular, and is the concern of this study. 
The parallel tubes in the solar collector are called risers while the two perpendicular horizontal 
tubes are called headers. The diameters of, and the space between, the risers as well as the 
header diameters, are factors that have appreciable influence on the thermal performance of 
the collector and hence on the whole system. In a study by Shariah et al,[72] an attempt was 
made to optimize the design parameters of a certain thermosyphon collector area and tank size 
of 250 litres through a parametric study. They found that the diameter of the riser has a strong 
influence on the solar fraction for parameter values less than the optimum value of 5 mm. 
However, the solar fraction was found to remain invariant for riser diameters greater than the 
optimum value. 
Tube spacing, tube centre to centre distance, or number of risers in the collector has strong 
influence on the collector efficiency factor and thus, the collector performance. Generally, 
collector efficiency factor decreases with increase of the tube spacing for the same absorber 
area. This is shown by many investigators [73,74]. Solar fraction and collector efficiency 
increase strongly with increasing number of tubes per unit absorber area until it reaches a 
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maximum value. Beyond this value there is no remarkable improvement in the solar fraction as 
the number of tubes is increased. For two different climates (moderate and hot), it has been 
found that a 15 cm riser spacing is the recommended value for moderate climate, while in hot 
climates 20 cm could be used as recommended value [73]. It has been reported by 8adescu 
[71] that the optimum distance between risers is decreased by increasing the operating 
temperature of the solar system. Ghamari and Worth [75] have conducted an experiment to 
evaluate collector efficiency versus tube spacing to find the optimum value of the tube spacing. 
Through the use of a quadratic equation for tube spacing in which their coefficients were 
obtained from the experimental graph of the collector efficiency versus tube spacing, they were 
able to solve the quadratic equation and find the optimum tube spacing. For the case of the 
operating conditions of Fiji, the optimum tube spacing was found to be in the region of 160 mm. 
The effect of header diameter on the annual solar fraction has been examined by Shariah et al 
[72]. They have observed that the header diameter should be 15 mm or greater. Moreover, in 
practice this value is increased for ease in joining the riser to the header. 
Gap Spacing Between Absorber and the Cover Plate 
To reduce the heat loss from the absorber plate, one or two transparent covers are placed at a 
height, Lgap above the absorber plate. Due to the existence of air in the gap and the difference 
in temperature between the absorber and the cover, heat losses cannot be completely 
eliminated. However, heat loss can be minimised to a great extent. Malhotra et al. [76] have 
shown that the use of heavy gases such as argon can reduce loss by 34%, and by using two 
glass covers and the air gap between them evacuated to one-tenth of atmospheric pressure an 
85% reduction in heat losses from the top of the collector can be achieved. Hellstrom et al. [77] 
have used the MINSUN simulation programme to study the effect of optical properties of flat 
plate collectors on the annual collector performance in the Swedish climate. The study shows 
that antireflection treatment of the glazing cover improves the annual output by 6.5% at 50°C. 
The attention of the present study is directed at single cover collectors as a lower cost unit, 
appropriate to moderate and hot climates, and because it can be easily manufactured in 
developing countries. 
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For a single cover system, Malhotra et al. [76) have shown graphically (Figure 2.5) the effect of 
gap spacing on the conductance h, and through the use of heat transfer correlations, they were 
able to obtain heat transfer coefficients versus gap spacing for the points of interest 'a' and 'c'. 
It is obvious from Figure 2.5 that the heat transfer coefficient decreases with the increase of the 
spacing gap. On the other hand, the shading due to the side wall increases with increasing gap 
spacing, and thus reduces the overall collector efficiency. For different collector inclinations, 
Nahar and Garg [67] have found that the optimum gap spacing is 4 cm to 5 cm which gives the 
minimum shading and minimum heat losses. 
Flow through the collector 
In fact, all the previous studies on thermosyphon systems treated the flow through the parallel 
risers as being uniform. In an experimental study conducted by Chuawittayawuth and Kumar 
[78), they have observed that the flow through riser pipes in a flat plate collector connected in a 
thermosyphon system is fairly uniform in all risers except for the first two risers, which were 
slightly slower than the others in clear sky conditions. In other sky conditions, the flow is fairly 
uniform in all risers. This means the assumption of uniform flow through the risers is very 
reasonable. 
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The flow rate of the water through the collector in thermosyphon systems is relatively small 
compared to pumped ones, and varies considerably during the period of solar insolation. It 
almost follows the pattern of the solar insolation (linear correlation) with maximum flow rate at 
solar noon [79]. Braun and Fanney [80] have shown that the influence of the collector flow rate 
on the long term system performance can be correlated in the form of the ratio of total volume 
flow through the collector to the total load volume (Mc/ MJ. Morrison and Tran [17] have 
found that the system performance improves as flow through the collector is reduced to 
approximately one tank volume per day (Mc / ML = 1). 
2.4.2 Storage Tank 
The key function of the storage tank is to store sensible thermal energy gained by the solar 
collector during the period of insolation for use by the household at any time. This can be 
achieved effectively by choosing the appropriate tank volume, tank configuration, and 
maintaining a good thermal stratification of the water inside the tank. Maintaining thermal 
stratification is very important in respect of both collector and hot water supply. Furthermore, 
the difference in densities between the top and the bottom of the tank due to stratification 
enhances the thermosyphonic flow in the loop. 
Basically, de-stratification in storage tanks occurs due to the convective mixing, both forced 
and natural, heat loss to the ambient, and conduction between hot and cold fluid layers. 
The effect of stratification on the system performance has been studied by many investigators. 
Close [81] proposed a one-dimensional stratified tank model. The model is validated by Cabelli 
[82], via his two-dimensional stratified tank model. Misra [83] developed a simple transient 
thermal model for stratified tanks. The model is validated from data obtained experimentally, 
and good agreement between theoretical and experimental results is obtained. 
Many studies of stratified storage tanks were also conducted as part of solar domestic hot 
water system simulation studies. Oliveski et al. [84] have compared different simulation models 
for hot water systems. They have modelled and experimentally validated a two-dimensional 
model for a stratified tank, and they use it as a base for the comparison with one-dimensional 
models. A number of one-dimensional models including TRNSYS tank models were examined. 
The results of comparison show that one dimensional models with computational artifices (" i.e. 
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procedures that examine for each time step the distribution of the temperature and, in case of 
finding hotter water layer under cooler layer, artificially mix or interchange the layer of water", 
such as TRNSYS model (Type 38) ) give very reliable results. Moreover, one-dimensional 
models are faster and easier to be implemented. 
Numerous investigators [32,33,85,86,87] have studied the factors that affect the thermal 
stratification in the storage tank and the effect of the tank dimensions and configuration on the 
system performance. Below, a brief discussion is given of some design aspects that should be 
considered in the design stage. 
Tank volume 
Buckles and Klein [88] have investigated the effect of tank size on system performance for two 
different tanks having storage capacities of 300 and 450 litres, respectively. The results 
showed that the annual solar fraction was higher for the system having the smaller storage 
capacity. This is because the smaller storage tank had less surface area, and thus less energy 
losses. However, the difference between the annual solar fractions for both systems decreased 
as the collector area increased. The study was conducted using TRNSYS simUlation program. 
Shariah and Lof [89] have shown that doubling the tank volume for 200 to 400 litres improves 
the system performance (measured by annual efficiency and solar fraction) by less than 5% 
under various operating conditions. Bello and Sambo [74] have shown that for two similar 
systems with different storage tank volumes (20 and 100 litres), the increased performance by 
increasing the tank volume can be considered insignificant in view of the cost of more material 
required for construction, as well as the consideration of aesthetic and structural factors. 
Mixing Due to Cold Water Inlet 
The shape of the inlet diffuser, and the inlet velocity of the cold water, has strong influences on 
the thermal stratification in the tank. Anderson and Furbo [33] have tested mixing due to three 
different cold water inlet designs as shown in Figure 2.6. They have found that the thermal de-
stratification in the tank due to mixing during draw-off with a flow rate 20 LiVmin can cause a 
decrease of the annual performance of up to 23% if a marketed (PEX pipe with 12 holes (1)) 
cold water inlet design is used. The other inlet designs (horizontal baffle plate (2), half ball 
baffle plate (3)) can only result in decrease of 2-3% of the annual thermal performance at the 
same draw-off flow rate. 
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In the case of mixing due to the hot water inlet from the outlet of the collector to the top of the 
storage tank, Adams and Davidson [90] have found that using a flexible porous manifold 
(Orlon) under constant typical flow rate operation conditions, is 48% more effective at achieving 
stratification than a conventional drop-tube. Lavan and Thompson [91] have found from their 
experimental study that stratification improves when the inlet and outlet ports are near the end 
walls and directed towards the wall. 
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Figure 2-6 schematic illustrations of the three cold water inlet configurations [32] 
Tank Height to Diameter Ratio 
It is obvious that the increase in the height of the tank will improve thermal stratification of the 
water in the tank. Lavan and Thompson [91] concluded from their experimental study that the 
optimum value of HIDt that trades off between performance and cost is between 3 and 4. 
Shariah et al. [72] have studied the effect of tank height to diameter ratio (HIDt) on the 
efficiency of the system. Generally, the efficiency of the system increases as HIDt increases. 
This increase was greater at the beginning until it reaches its maximum value. Beyond this 
value the efficiency almost remains constant. The optimum value of HIDt when the bottom of 
the tank is level with the top of the collector (Le. (Ho - He) = 0, refer to Figure 3.1) was 1.27 
at H, = 1 m. In the case of (Ho - He) = -0.4, the optimum value is obtained when the tank 
height is 1.2 m, where the portion of the tank above the collector is 0.8 m. 
Insulation Material and Thickness 
To keep hot water available any time especially at night, heat losses from the tank should be 
minimized. Therefore, insulation material and insulation thickness &;ns' should be chosen and 
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calculated carefully. A study by Shyu et al. [in ref. [87]] investigates the effect of the wall 
thickness and the heat loss to the ambient on the thermal stratification of the tank. They have 
concluded that the heat loss to the ambient was the major factor in degradation of the thermal 
stratification in an uninsulated tank. 
Auxiliary Heater Power and Location 
In most solar water heaters, an auxiliary source of energy is required to backup the solar 
system in case of insufficient solar energy in order to make it reliable and capable of meeting 
the hot water load at any time. In the market today there are two possible arrangements for the 
position of the auxiliary heaters in the system. 
a) In-tank auxiliary source of energy: either an electric or heating coil from a boiler, this type 
is integrated in the tank. This type is the most common configuration used in the market. 
b) External auxiliary source of energy: for this type of system, the auxiliary heater is not part 
of the heating loop of the solar system and is usually fitted between the outlet of the solar 
system and the user. This configuration led to better performance of the solar system; 
however, an external auxiliary heater requires high power and thus is more expensive. 
In-tank auxiliary heater power QAUX should be chosen carefully, because, if the power of the 
auxiliary was high in value, then it will increase the inlet collector temperature and thus reduce 
the useful energy gained from the collector. However, if chosen too low in value, then this will 
cause inadequate supply of heat to the load. 
On the other hand, the position of the auxiliary heater (Ha) in the tank has an important effect 
on the maximum power of the electric heater and the system performance. Michaelides and 
Wilson [58] have shown that the system performance can be increased by increasing the 
height of the auxiliary heater location from the bottom of the tank. They have shown that the 
annual solar fraction was around 59% when the auxiliary heater was positioned at the bottom 
of the tank, while solar fraction is increased to 77% when the auxiliary heater is positioned at 
the top of the tank. This means when Haux increases, Q~ux decreases because the quantity 
of water to be heated is relatively small. Thereby, the thermosyphon pressure will increase 
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because of better stratification in the tank and thus system performance will increase 
substantially. 
2.5 Thermosyphon Flow Rate and Reverse Flow 
The flow rate and its direction in the thermosyphonic loop is one of the most important factors 
that affects the system performance, and makes thermosyphon systems very difficult to model. 
It is affected by the prevailing weather condition and the geometry of the pipe network. There is 
no need to use a pump and a control to circulate the water in these systems, self circulation 
occurs because of the difference in temperature between the cold and hot legs in the 
thermosyphon loop. 
The thermosyphon flow rate varies throughout the day in such away similar closely to the solar 
insolation (with maximum flow at solar noon) particularly when there is no withdrawal of hot 
water [37,46,79] In other words, thermosyphon systems may be described as self adjusting, 
with increasing solar radiation leading to increasing flow rates through the collector. 
The thermosyphon flow rate has been theoretically studied by many investigators [17,35-
43,49,46,18]. However, few studies measured thermosyphon flow rates experimentally due to 
the fact that the thermosyphonic flow rate is very low and its measurement cannot be done by 
conventional methods without imposing errors. The literature reveals that several investigators 
have used different techniques such as a dye injection method [37,46,92,93] which requires 
manual monitoring, and the accuracy of such method was estimated as being about ±5% [46]. 
A thermal dissipation method was reported in the literature [79,94] the accuracy being 
estimated at ± 3% of the entire range 80 - 2500 cm3/min [79], and the hydraulic resistance 
introduced was less than 1 mm of water at Reynolds number of 1100. The third method 
reported in the literature is the Laser Doppler anemometer [49]. This instrument requires no 
hydraulic resistance to be introduced as there is no direct contact with flow in the circuit, and 
the accuracy of this method was estimated to be ± 2%. 
Three approaches have been reported in previous literature concerning thermosyphonic flow 
prediction. The first was based on the assumption that such flow is quasi-steady, where the 
time derivative can be neglected and simply equates the total friction pressure drop to the 
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pressure due to density differences around the thermosyphon circuit. This approach was 
initially adopted by Close [35] who calculated the buoyant pressure by integrating the density 
variation versus water height in the system. The density variation was calculated by assuming 
a quadratic relationship between density and mean water temperature in the system. Almost 
the same technique is used by many investigators [36-39], the differences mainly being in the 
formulation of the friction term and in the computation of the buoyant pressure. 
As a result of the diurnal variation in solar radiation, solar thermosyphon systems hardly 
operate in a steady mode. Therefore, the second approach [41,43,95] considered the change 
of the velocity with time. The approach assumes that the volumetric flow rate or velocity in each 
component along the circulation is uniform, and has the same value at any instant of time, i.e. 
volume flow rate is a function of time only. This assumption gives the capability to predict 
thermosyphonic flow rates by integrating the momentum equation along the circulation loop. 
The third approach was an attempt to generate an unsteady model which has been reported in 
the previous literature by only one investigator [96]. In this approach, velocity was computed 
rigorously as a function of both time and position. This was adopted through applying the 
momentum and energy equations to a fluid element in the circulation loop. The obtained 
momentum equation, coupled with the energy equation, was solved for velocity and 
temperature distributions at any time and any position along the circuit loop. 
On the other hand, reversing the direction of the flow through the circulation loop increases the 
night heat loss of the system and hence decreases the overall system efficiency. It has been 
observed that reverse flow can be reduced to a great extent by increasing the vertical distance 
between the top of the collector and the bottom of the tank. In this sense, Norton and Probert 
[97] have recommended 200 mm as a minimum vertical distance separation. 
Through the literature many studies have ignored the effect of the reverse flow on the thermal 
performance of the thermosyphon system [35,37,38,39], whereas other investigators 
[53,54,57,58,59,60,62] have introduced a check valve in the circulation loop to prevent reverse 
flow at night. Additional pressure drop will be incurred by inserting a check valve in the loop 
and hence its pressure drop effect is incorporated in the calculation of the total friction head 
losses. Few studies have measured [94] reverse flow or take it into consideration in their 
theoretical model [36,41,43]. 
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Morrison [98] conducted a study through the use of a modified TRNSYS thermosyphon model 
to investigate the conditions under which reverse flow occurs and the magnitude of the 
associated energy loss. The results for reverse flow showed that this phenomena occurs in a" 
thermosyphon systems, however, the associated heat loss was very low in case of a 
separation distance is used between the top of the collector and the bottom of the tank. 
Morrison found that, to maintain the heat loss associated with the reverse flow below 20 W on 
clear nights, the separation distance should be 50 mm in case of the ends of the collector loop 
are at the bottom of the tank. However, 250 mm is required in the case of 1m separation 
between the ends of the collector loop at the tank. 
2.6 Connecting Pipes 
Length, diameter (Op) and the insulation of the connecting pipes in thermosyphon systems, 
namely upriser and downcomer, have an influence on the reverse flow and the performance of 
the system. Vaxman and Sokolov [99] have shown that both connecting pipes (upriser and 
downcomer) insulation have influence on the system performance. However, the effect of the 
upriser insulation is more obvious, whereas 42% difference in system efficiencies is observed 
between the case of perfect insulation and no insulation of the upriser. They found also that 
reverse flow decreases by increasing upriser insulation. 
The optimum pipe diameter (Op) was found by Shariah et al. [72] for their particular study to be 
15 mm which is nearly equivalent to the header diameter in their case study. 
It is clear that the length of the connecting pipes will increase the heat losses, material, and the 
friction head loss. Therefore, the optimum length that maximises the solar fraction of the 
system must be obtained. 
2.7 Tank Volume- Collector Area Ratio 
Looking at commercial solar water heaters and the literature, you will find different tank volume 
-to-collector area values VIAe. This may be attributed to many reasons such as weather 
condition, system size, etc. Hence, tank to collector ratio differs from place to place since it is 
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affected highly by the prevailing weather condition, operation condition and the required solar 
fraction. 
Through the literature many propositions have been suggested to determine the optimum ratio. 
Shariah and Lof [100] have found the optimum value of VIAe in thermosyphon systems 
according to the weather conditions of Los Angeles to be 40 Litlm2 in case of the daily hot 
water drawn being 250 litres at temperatures of 50 - 80°C and according to the well-known 
Rand hot-water distribution profile. In Darwin, Australia where there is good solar radiation, the 
recommended value of the tank to collector ratio is around 112 Utlm2 for 100% solar fraction, 
while in Melbourne, where solar radiation is intermittent and the system is supplied with 
auxiliary heater, the recommended ratio is around 67 Litlm2 [115]. 
In Brazil, for instance, thermosyphon systems are sized according to tables provided by the 
manufacturers, and is based more on intuition rather than scientific data. Lima et al. [101] have 
developed an optimisation model to determine the slope and the collector area resulting in 
minimum cost over the life cycle of the system. 
The model is implemented in the TRNSYS environment, and the results in all cases show the 
discrepancy between the collector area recommended by the manufacturer and the optimised 
case to vary from -10.6% to 207.5 % [101]. 
2.8 Height Difference between the Collector Top and Tank Bottom 
The height difference between the collector top header and the cold water outlet in the tank 
bottom, (Ho - He) as depicted in Figure 3.1, has a strong influence in both thermosyphonic 
flow and its direction. In general, the increase in the height difference (Ho - He) increases 
the flow friction, thus decreasing nocturnal reverse flow. On the other hand, the increase in 
height difference (Ho - He) may also causes aesthetic problems, additional material which 
will incur an additional cost, and increase in heat losses from the connecting pipes. Hence, an 
optimum value that maximises the overall system efficiency is likely to exist. 
Accordingly, the optimum height difference (Ho - He) was sought by many investigators 
[99,98,102,103], to suppress the reverse flow at night and improve the system performance. 
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However, different conclusions were obtained; Kreith and Kreider [102] recommended 30 cm 
as a minimum height difference. Vaxman and Sokolov [99] have recommended the optimum 
height difference should be between 30 -80 cm, and the optimum height can be determined by 
the energy draw distribution. Wenxian and Enrong [103] have shown that by using their model 
which considered the effect of the auxiliary heater, the height difference has a minor effect on 
the system performance and the optimum design should have a value which ranges 
30-100 cm. 
Gupta and Garg [36] used their analytical model, discussed earlier, to examine the effect of 
some parameters on the mean tank temperature and the mass flow rate through the collector. 
They have found that the flow rate of a thermosyphon water heater can be increased by 
increasing the relative height between the collector and storage tank. However, they also found 
that increasing the height difference does not improve the efficiency which can be improved by 
reducing the loop resistance. 
2.9 Hot Water Consumptions 
Hot water consumption volume and its pattern of usage have great influence on the thermal 
performance of the domestic solar water heaters. However, the assessment of the load volume 
and the load pattern that suits a family or a certain society is a rather complicated problem 
since the fact that the quantity and the patterns of usage vary greatly from family to family and 
are even not the same for a particular family throughout their life time. 
Many studies [35,36,37,38] did not take into account diurnal pattern of hot water draw-off in 
their investigations, whereas other studies [53,54,63,57,58,59,72] assumed the load volume 
and the load pattern of hot water consumption as constant values throughout the simulation 
test period which still unrealistic. For this reason, some studies have investigated the effect of 
using realistic load volumes and load patterns on the thermal performance of solar systems. 
The use of realistic and non-realistic load volume and load pattern, and its effect on the system 
performance and design are discussed in the following paragraphs. 
Buckles and Klein [88] have investigated the effect of hourly distribution of different load pattern 
on the solar fraction through the use of TRNSYS. The daily load volume and tank volume were 
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the same and equal to 300 litres. They found early morning recurring load (02:00 - 06:00h) 
hours are the worst time to draw water from the system, while mid afternoon hours load (14:00 
- 18:00) hours are the best time to draw water. Moreover, they found non-recurring load 
patterns, where the daily hot water demand changes from day to day, reduces the solar 
fraction significantly, and particularly if the daily draw frequently exceeds the storage tank 
capacity. 
Lundh et al. [104] have performed a study to design a hot water profile for Swedish families. 
The study is based on the information from 464 people from 179 different households. The 
generated profiles (weekdays and weekend) of hot water load were compared to four different 
simplified load profiles from the simulation tool Polysun. The results show discrepancies 
between the simplified profiles and realistic profiles are often significant. 
Knudsen [85] has performed a theoretical study to see the effect of tank configuration, cold 
water inlet (mixing rate), load volume and load pattern on the thermal performance of solar 
water heating systems. A combination of different configurations was considered. Two different 
systems, a low flow system with a mantle heat exchanger, and a high flow system with a spiral 
heat exchanger. Two different load profiles, the first has three draw-offs at equal time, size and 
duration every day, the other is a realistic profile for a Danish family. Different volume tanks 
were also considered. The results were consistent with the findings of Buckles and Klein [88], 
thus the calculated net utilised solar energy for the system with the unrealistic load profile was 
higher than the system with the realistic load profile. The study showed that a mixing rate of 
40% caused a reduction of about 10% in the net utilised solar energy for the mantle tank 
system while casing a 16% reduction for the spiral tank system. The study concluded that, the 
use of tank volumes between 100 and 175 litres for a family with a daily consumption between 
200- 300 litres (typical Danish family houses) has thermal advantages and reduced the cost of 
the system. 
Morrison and Braun [18] have studied the operation characteristics of thermosyphon solar 
water heaters with vertical and horizontal storage tanks. They came to the conclusion that, the 
system performance is maximized when the daily collector volume flow is approximately equal 
to the daily load flow, and the system with a vertical tank performs better than the system with 
a horizontal tank. 
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Through the use of TRNSYS, Shariah and Lof [89] have tested four different load patterns: 
Rand profile, 10 hours continuous profile, morning profile and evening profile. Both cases of in-
tank and out side tank (preheat) auxiliary heaters were considers. The results showed different 
values of solar fraction for each load profile under identical operating conditions. In both cases, 
the systems using the Rand profile show the highest annual solar fraction, followed by the 
evening profile followed by the continuous and the worst was the morning profile. 
Hasan [105] has used TRNSYS to investigate the effect of withdrawing a fixed volume of 200 
Litters at fixed load pattern (typical Palestine load pattern) on the efficiency of a thermosyphon 
solar water heater. The results showed that the system efficiency increases as the volume of 
the storage tank is increased, but system collector and tank temperatures decreases. Also, the 
results showed that there is no difference between the performance of vertical and horizontal 
storage tank systems. These results somewhat seem to be contradiction to the findings of 
Buckles and Klein [88] and Knudsen [85]. However, the contradiction might be attributed to the 
difference in parameters considered in each study and to the difference between the load 
volume and pattern as well as the outdoor weather conditions considered in each study. 
The effect of the hot water load temperature on the performance of thermosyphon solar water 
heating systems with auxiliary electric heater and volume of 250 litres daily hot water load is 
considered by Shariah and Ecevit [106]. Different tank volumes and collector areas were also 
considered through the use of TRNSYS. The results showed that, the effect of the load 
temperature on the solar fraction is large when the daily load volume to collector area ratio is 
large, and it is more obvious when the system operates at a high solar fraction. The effect of 
storage tank volume to collector area ratio on the system efficiency is large and demonstrates 
a clear optimum value. 
2.10 Summary 
The literature has revealed a significant amount of work that has been devoted to studying 
various aspects of thermosyphon solar water heaters. This, in fact, reflects the increased 
interest in these systems. This literature review presents the most important work that has 
contributed to the development of thermosyphon system modelling and thermal performance 
evolution. Further literature is also presented to demonstrate the effect of the design 
40 
Chapter 2 Uterature Review 
parameters, weather and operating conditions on the thermosyphon system performance. 
From the literature it has been concluded that the TRNSYS simulation programme, specifically 
component Type 45, which is the component for modelling thermosyphon systems, is the best 
available programme to model and evaluate the thermal performance of thermosyphon 
systems and will be used here throughout the thesis. 
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3.1 Introduction 
It has been found through the literature review in the previous chapter that the TRNSYS 
simulation programme is the best available programme to be used for the evaluation of the 
thermal performance of thermosyphon solar water heaters. The key inputs to the programme 
model (Type 45) are the characteristic parameters of the thermosyphon system and hence. 
should be determined properly. 
The main purpose of this research is to perform optimisation of the design of thermosyphon 
systems, and hence all the information evaluated experimentally must be determined 
theoretically. Therefore, two new components were created in this study to provide information 
to TRNSYS components, specifically modified component Type 45 with exactly six parameters 
(namely, FR ra, FRU L' ho' Ui , UO ' UAJ This information is calculated from validated 
theoretical models, to be used instead of determining findings from costly experimental work. 
This, in turn, will facilitate the optimization process that requires different values of those 
parameters due to the change in the size and dimensions of the system components during the 
simulation. Type 45 is also modified (to become Type 245) in order to accept the outputs (from 
the new simulation components) as inputs instead of being parameters in Type 45. The new 
simulation components are named: Type 210 (solar collector characteristics component) and 
Type 211 (Pipes • Tank heat loss coefficients). The detailed development of these new 
components as well as a brief introduction to the TRNSYS simulation programme is given in 
the following sections of this chapter. 
3.2 TRNSVS Simulation Programme 
TRNSYS is a transient simulation programme with a modular structure, developed at the Solar 
Energy Laboratory at the University of Wisconsin [27]. The basic idea of TRNSYS is based on 
modelling each component in a system as module. The primary application of TRNSYS was 
the simulation of solar thermal processes. However, over the years the tool expanded to cover 
many other renewable energy technologies and building models [119]. The program in 
TRNSYS comprises many subroutines that model subsystem components. The subsystem 
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components included in the standard library are programmed in the FORTRAN language. Each 
component subroutine is identified by a unique Type number. In a simulation, multiple ''Types'' 
may be used, but need to be distinguished by different "Unif' numbers. The modular design of 
TRNSYS permits the simulation of a great variety of chosen thermal systems [27]. 
Each simulation component has three major parts: parameters, time-dependent inputs, and 
time-dependent outputs. The parameters are used to define the characteristics of each 
component and do not change with time over the course of the simulation. The inputs and 
outputs are dynamically link between individual components. The inputs of a particular 
component are linked to the outputs from various other components in the model by specifying 
the "unit" number and desired output number [27]. 
TRNSYS has the capability of interconnecting system components in any desired manner, 
solving differential equations and facilitating information output. The entire problem of system 
simulation reduces to a problem of identifying all of the components and formulating a general 
mathematical description of each [27]. Once all the components of the system have been 
identified and a mathematical description of each component is available, it is necessary to 
construct an information flow diagram for it. The purpose of the information flow diagram is to 
facilitate identification of the components and the flow of information between them. 
Simulation generally requires some further components, which are not ordinarily considered to 
be part of the system being modelled. Such components are utility subroutines and output 
simulation results. 
TRNSYS also features the possibility of adding one's own new components (user defined 
components), or allows one to modify any of the existing standard components, and to include 
them in the components library. Therefore, they can be used either in TRNEdit or Simulation 
Studio by following certain procedures outlined in the TRNSYS manuals [27]. 
In order to use TRNSYS, one needs to have a certain degree of expertise. It is important that 
the performance of one's system components can be accurately predicted by the TRNSYS 
component models. Listed TRNSYS components may contain assumptions, idealisations, and 
detailed specifications that may cause difficulty in predicting the performance of one system 
components or might be different from what being described in the TRNSYS library. Therefore, 
43 
Chapter 3 TRNSYS Features and The New Components 
you need to formulate your own mathematical model in such a way as to be consistent with the 
TRNSYS structure [27]. 
Version 16.1 of TRNSYS, the latest version available at the time of this writing is used. 
3.3 Thermosyphon Collector-Storage Subsystem 
The standard components of a thermosyphon system {Type 45) as depicted in Figure.3.1, 
consist of a flat plate solar collector, a stratified vertical or horizontal storage tank, and a check 
valve to prevent reverse flow of water (employed as the working fluid). The flow in the loop is 
assumed to be steady state. The system is analysed by dividing the thermosyphon loop into a 
number of segments normal to the direction of the flow. 8ernoulli's equation was applied for 
incompressible flow on each segment [27]. 
The flow rate is obtained by numerical solution of the resulting set of equations. Stratification in 
the tank is modelled using the Type 38 algebraic component, which is called internally by Type 
45. The number of segments (nodes) in this model is not fixed, but depends on many factors, 
i.e. the simulation time step, the size of the collector, load flow rates, heat losses and auxiliary 
input heat [27]. 
The information flow diagram of the thermosyphon collector-storage subsystem is shown in 
Figure 3.2. 
It is obvious from the information flow diagram that considerable input data are required to run 
this subsystem model. In addition to the 39 constant parameters entered from the data file, 
there are time dependent inputs represented by inward arrows, these representing an output 
from another system components interconnected with the thermosyphon collector-storage 
subsystem, weather data processor Type 109 and water load pattern Type 14. the outward 
arrows represent the time dependent output information for the thermosyphon subsystem 
model. 
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Rgure 3-1 Thermosyphon system schematic 
3.4 Solar Collector Characteristics Component (TYPE 210) 
This component (Type 210) is created to account for the characteristic performance of flat plate 
solar collectors, intercept efficiency FR (ra), FRU L gradient and the incident angle modifier 
coefficient b
o
' The manner in which these quantities are determined according to the 
standards and the detailed analysis used to create this component, are given in the following 
subsections. 
3.4.1 Establishing Collector Characteristics 
Introduction 
Obviously, "every energy conversion device has an energy conversion efficiency that indicates 
what fraction of the available input energy is converted into the desired output form of energy" 
[108]. The efficiency of the solar collector is one of the important factors used to compare its 
performance among different designs. Also, can be used for the purpose of designing solar 
heating systems and for estimating the output energy from different environments (climatic 
conditions). 
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In the case of flat plate solar collectors, the efficiency can be considered either as an average 
efficiency over a period of time, or as an instantaneous efficiency at some precise instant in 
time. 
Parameters: 
1- Ac 
2- FRera)n 
3- FRUL IT IH Id e Pg Ta TL mL Tenv r 
4- Gtest 
5- bo 2 3 4 5 6 7 8 9 10 
TYPE 45 
6- P Thermosyphon Collector-Storage Subsystem 
7- LU 1 2 3 4 5 6 7 8 9 10 11 12 
8- NR 
9- Dr Qu m ' Qenv n' !lE Qaux Qv Th TR W Tn m. T 
10- Dh 
11- H 
12- Nx 18- Ui 24- Vt 30- CON FIG 35- Ha 
13- He 19- do 25- Ht 31- UA 36- Hth 
14- Ho 20- La 26- HR 32- n 37- Tset 
15- di 21- NB2 27- Cp 33- TJ 38- DTdb 
16- L 22- Uo 28- Ps Optional 39- (UA)t 
17- NB1 23- Tank mode 29- kw 34- Qhe 
Figure 3-2 Information flow diagram 
Due to the wide range of operations, flat plate solar collectors cannot be represented by a 
single point instantaneous efficiency. Therefore, an efficiency curve for a wide range of 
operating conditions would be adequate to represent the thermal performance of the solar 
collector. 
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The thermal efficiency curve of a flat plate solar collector is determined either by indoor tests 
using a solar simulator, or from carefully conducted outdoor tests under quasi-steady state or 
quasi-dynamic conditions. This can be conducted according to certain procedures outlined in 
many national and international test standards, such as ASHRAE 93-77 [47], ISO 9806-1 [109] 
and EN 12972 [110]. The collector characteristic parameters obtained from these test 
standards are not exactly the same. Rojas et al. [111] have conducted a study to compare 
different existing test standards to determine the thermal performance of flat plate solar 
collectors. The study showed that the collector characteristic parameters FR (-fa) and FRUL 
tested according ASHRAE 93 and EN 12975-2 are in good agreement. The maximum 
efficiency FR ('fa) obtained by both methods are nearly the same, whilst the value of FRUL 
obtained by EN 12975-2 is slightly less than the value obtained from ASHRAE 93. The sets of 
collector parameters obtained from both methods are used to evaluate the long term 
performance of regular domestic solar water heating systems. The results show a discrepancy 
of less than 7% in all simulated locations and conditions. 
Efficiency graph 
Experimentally, the collector efficiency graph can be obtained by using a well -equipped test rig 
according to ASHRAE 93-77 specifications. At least 16 test points must be obtained at four 
different inlet temperatures for the establishment of the efficiency graph. The rig is mainly used 
to evaluate experimentally the useful energy output and to measure the incident solar radiation 
on the collector surface (for further details refer to ref [47]). 
The efficiency graph can be represented as a linear regression of instantaneous efficiency as a 
function of the ratio of temperature difference to the instantaneous solar radiation rate, as 
shown in Figure 3.3. 
The efficiency of the collector is based on either the gross, or the aperture collector area. The 
ASHRAE standard employs the gross area as a reference collector area. Thus, the efficiency 
equation for a solar collector is: 
(3-1) 
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where FR (Ta) the y-axis intercept, and indicates how energy is absorbed; FRUL is the slope 
of the straight line efficiency graph and indicates how energy is lost from the collector. The 
above equation indicates that the instantaneous thermal efficiency is a linear function, in the 
case of FR and U L as constants. 
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Figure 3-3 Thermal efficiency curve for Flat Plate solar collector 
3.4.2 Incident Angle Modifier 
The incident angle modifier Km is a correction factor to account for the variation of the optical 
properties of the flat plate collector with the angle of solar radiation incidence. This correction 
has particularly a great effect in predicting all-day efficiency of the collector. The general 
expression for the incident angle modifier K ra is [115]: 
Km = ({Ta)) =l.O-b
o
(_1_-1.0) 
Ta n cose 
(3-2) 
Where bo is the incident angle modifier coefficient and is generally a positive number. 
In order to evaluate the value of K ra in practice, indoor or outdoor tests have been used [47]. 
In the case of indoor tests, the collector is exposed to the simulated solar radiation at different 
incident angles: OQ, 30Q, 45 Q, and 60 Q to the normal to the surface, and the inlet" fluid 
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temperature is maintained to within ± 1 QC of the ambient temperature. The results obtained 
then compared with those used to determine the efficiency graph at incident angles less than 
30 Q. Hence, the value of incident angle modifier, Km can be calculated as a function of the 
incident angle, and ho can be estimated from linear regression to the data. 
3.4.3 Flat Plate Collector Models 
Due to the structure and complexity of flat plate solar collectors, the thermal analysis of solar 
collector remains very difficult, despite the theoretical simplified approaches having been 
available for many decades [112,113]. The accurate prediction of the thermal performance of 
the solar collector requires rigorous models, and depends strongly on how the absorber plate, 
cover, and the working fluid are analyzed. 
This study examines four models from the literature, with the aim of identifying the best one for 
further analysis and modelling. The models under consideration are those of: 
6. Kirchhoff and Billups (Model-1) 
7. Prabhakar et al (Model-2) 
8. Modified Kirchhoff and Billups (Model-3) 
9. CoDePro program 
A brief description of each of these models is given below. 
Kirchhoff and Billups model (Model·1) 
Kirchhoff and Billups [112] developed a steady-state two dimensional model for flat plate solar 
collectors. An energy balance for the fin yields a differential equation governing the 
temperature distribution of the plate: 
(3-3) 
The boundary conditions are: 
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-- -0 ~TJ aTJI ay (x,O) ay (x,L) 
-' =- =0 aTrl aTJI ax ax (O,y) (w,y) 
and the boundary condition between the water in the tube and the fin is: 
aTw = h,.,..,Jd)r (T I -T ) 
ay mC
p 
J x=w/2 w 
where 
k J is the thermal conductivity of the plate 
bJ is the absorber plate thickness 
a
c 
is the absorptivity of the plate 
Ht is the incident solar radiation 
Cg is the emissivity of the glass cover 
C J is the emissivity of the absorber plate 
h Jg is the convective heat transfer coefficient between the absorber plate 
and the glazing cover 
m is the fluid mass flow rate 
h,...., is the convective heat transfer coeffident between fin and the water in 
the tube. 
The second energy balance for the glass cover is: 
h,,(Td, H e;' +~f' _IP;-T:) 
= hwinATg - TJ + DC g (Tg4 - T.~ ) 
where 
-
T J is the average plate temperature 
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h,.;nd is heat transfer coefficient of the top surface of the glass cover due to 
wind 
Tsk)' is the sky temperature 
Kirchhoff and Billups [112] ignored the effect of the heat loss from the back and sides of the 
collector. However, Hobson and Norton [43] rearranged equation 3.3 and included these 
effects as follows: 
(3-5) 
Hence, equation 3-5 used in this study instead of equation 3-3. 
Prabhakar et al. model (Model-2) 
Prabhakar et al. [113] have developed a steady-state two dimensional model for flat plate solar 
collectors. Energy balances are made on the absorber plate and tube separately. Therefore, 
two coupled differential equations governing the temperature distribution of the plate and the 
water in the tube are obtained. 
The equation governing the temperature distribution of the fin is: 
d2Tf d2Tj q. UL ( ) 
--' +--+-'----T -T =0 dx2 dl kjtSj kjtSj j a 
(3-6) 
where qi is the net solar flux incident on the absorber surface after the transmission losses 
due to the glazing cover, UL is the overall heat loss coefficient from the absorber plate to the 
ambient surroundings. 
The governing differential equation of the fluid is: 
(3-7) 
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where 
U
o 
is the overall loss coefficient from the fluid to the ambient environment. 
D
ro 
is the outside diameter of the tube 
q(x) is the flux per unit area conducted from the plate to the fluid. 
The boundary conditions are: 
-- -0 ~TJ aTJI ay (X,O) ay (x,L) (3-7a) 
aTJI 
- =0 ax (O,y) 
(3-7b) 
(3-7c) 
where Dri is the inside diameter of the tube. 
Prabhakar et al. [113] have not included back and sides heat losses from the collector in 
equation 3.6, and also did not include explicitly an equation to calculate the glazing cover 
-
temperature. However, they used an iterative procedure to calculate UL and T J by putting 
-
UL = 1 and calculating T J and repeated this process until a certain criterion is met. The 
obtained value of U L was then increased by 10% to account for the heat losses from the back 
and sides of the collector. 
In the study presented here, however, equation 3.4 of the Kirchhoff and Billups model [112] is 
added to Prabhakar et al. [113] model to determine the glazing cover temperature. Also, the 
back and sides losses are incorporated into the calculation of U L instead of increasing by10% 
the top heat loss rate from the collector. 
Modified Kirchhoff and Billups model (Model-3) 
In the original model of Kirchhoff and Billups [112], the fin and tube are considered to be one 
part, and the energy equation of the temperature distribution for both fin and fluid in the tube is 
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derived. However, in this model the energy equation governing the temperature distribution of 
the fin is separated from the energy equation governing the temperature distribution of the fluid 
(similar to the approach used by Prabhakar et al. [113]). Therefore, boundary condition links 
between the differential equations governing the temperature distributions along the fin and 
water in the tube are required. 
The boundary condition can be obtained from Figure 3.4 as follows: 
(3-8) 
where QI is the energy conducted through one half of the fin, and Q2 is the energy transmitted 
by conduction and convection from the root of the fin to the fluid in the tube. Hence: 
r-----~~L-~------~----~jt 
~--~~~~r_~--~+. 
Figure 3-4 schematic diagram shows cross section of fin and tube 
(3-9) 
Then 
aTJI -UJ"JdJri ( I ) 
- - T-T ax - 2k r5 J x=O lV,=. 
(O,y) J J 
(3-10) 
The energy equation for the fin is: 
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(3-S) 
The boundary conditions are: 
-- -0 ~TI aTII ay (X,O) ay (x,L) (3-Sa) 
aTII 
- =0 
ax (w/2,y) 
(3-Sb) 
aTI I = -UfwmJri (T I -T) 
ax 2k 0 I x:O w 
(O,y) I I 
(3-5c) 
where, U Ill' is the heat transfer coeffident between the absorber plate and the water in the 
tube. 
For fluid flowing in tube, the governing equation is: 
(3-11 ) 
where, h,,,, is the convective heat transfer coefficient between the flowing water in the tube and 
the tube inner wall, and 1'. is the temperature of the inner wall of the tube. 
The boundary condition is: 
T I =T. W y=O In (3-11a) 
For the glazed cover: 
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(3-4) 
CoDePro Model 
Followed to f-chart method, TRNSYS simulation program, and Engineering Equation Solver 
(EES) , University of Wisconsin have recently offered online a collector design program 
(CoDePro) [114]. The model is based on the Hottel-Whillier-Bliss (HWB) equation. The outputs 
of the programme are the characteristics performance of the collector and the incident angle 
modifier coefficient. 
3.4.4 Numerical Analysis 
The partial differential equations of the three models are very difficult to solve analytically, as it 
is not easy to relate together the dependent variables appearing in the equations. Hence, a 
numerical approach is the only way to get an approximation solution to these equations. 
Numerical solutions will be obtained only at discrete grid points as shown in Figure 3.5 by 
approximating the partial differential terms into finite difference expressions leading to a set of 
linear algebraic equations. The finite difference approximations are adopted by using a Taylor 
series expansion as follows: 
• Second order central difference formula for the conductive terms 
• First order backward difference formula for convective terms 
Applying the above principle and rearranging the equations, the final form of the discretized 
equations (for model-3) are shown below: 
The analysis presented in this sub-section is for Model-3, the other two models are analysed in 
the same manner, though not described here. 
Absorber plate 
The discretized equation for the central nodes is: 
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Figure 3-5 schematic diagram showing the grid on the fin and riser pipe 
Tf(i,j) = (SX(Tf(i_I,j) + Tf(i+I,j)) + SY(Tf(i,j-l) + Tf(i,j+I») 
+ Sg(hfg + hrfg ) + SZ)/ S 
where 
S = 2SX + 2SY +hfg +Ufa + Ffghrfg 
k 0 
Sy=-LL 
~y2 
Sg = h fg + hrfg 
SZ =UfaTa + (m}e H , 
The boundary conditions are: 
Tf(i,j-I) = Tf (i,j+1) at y = 0 then 
at y = L then Tf(i,Mmax+l) = Tf(i.Mmax-l) 
at x = w/2 then Tf(i+I,j) = Tf(i-I,j) 
at x = 0 Tf(i-I,j) = (1- Sl)Tf(i,j) + SlTw(j) 
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(3-12a) 
(3-12b) 
(3-12c) 
(3-12d) 
(3-12e) 
(3-13a) 
(3-13b) 
(3-13c) 
(3-13d) 
Chapter 3 TRNSYS Features and The New Components 
where 
(3-13e) 
Cover plate 
The average temperature of the cover can be obtained from the following: 
Tg = (SG1~ +SG2)/ SG 
where 
Fluid in tube 
TwU ) = (TwU- 1) + SwTs )/(1 + Sw) 
where 
(3-14) 
(3-14a) 
(3-14b) 
(3-14c) 
(3-14d) 
(3-15) 
(3-15a) 
The equations (3-12) to (3-15) will be solved successively for Tf,Tw and Tg by using an 
iterative method such as the Gauss Seidel method. Once the discretized equations are 
obtained, the solar energy absorbed by the collector and the heat energy lost to the 
environment from the collector are determined as shown in the following SUb-sections. 
3.4.5 Absorbed solar radiation 
The amount of incident solar energy absorbed by the collector H ab' is dependent upon the 
transmissivity of the glass cover and the absorptivity of the absorber plate. These properties 
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are also dependent on the wavelength and incident angle of the solar radiation. In fact, incident 
solar radiation on the collector is made up of three components: beam, diffuse and ground-
reflected radiation therefore. These components must be treated individually in the 
calculations. 
Dealing with diffuse radiation on a tilted surface is a quite complicated matter as it depends on 
the conditions of cloudiness and atmospheric clarity [115]. Many models were developed to 
deal with the sky diffuse radiation. However, the purpose of this study is to evaluate the 
characteristic performance of the flat plate collector according to either indoor tests using solar 
simulators or outdoor tests at clear sky conditions. Hence an isotropic sky model will be 
adequate for this purpose and has been used in this study. Therefore, the absorbed solar 
radiation on a tilted surface can be estimated by: 
where 
Ib , Id is the horizontal beam and horizontal diffuse radiation components respectively. 
Rb is the ratio of the beam radiation incident on a tilted surface to that on a horizontal surface. 
(ra)b' (Ta)d' (Ta)g is the transmittance absorptance product of the beam, diffuse and 
ground-reflectance radiation components respectively. 
The calculations of direct; diffuse and ground reflected radiation components transmitted 
through the glazing cover, transmittance absorptance product, and the angular dependency of 
the transmittance absorptance product are as described in chapter 5 of Duffie and Beckman 
[115]. 
3.4.6 Heat Transfer through risers 
In steady state conditions, the majority of the energy absorbed by the absorber plate of the 
collector is transferred to the working fluid passing through the risers (tubes). To determine the 
amount of energy transferred to the fluid, the convective heat transfer coefficient of the working 
fluid must be determined. The following correlations are used: 
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For laminar flow inside tubes [120], 
Nu=44+ 0.00172(RePrDILt66 
. 1 + 0.00281(Re Pr D IL t 29 (3-17) 
This correlation is valid for the constant heat flux boundary condition. 
For turbulent flow in tubes [115], 
(3-18) 
where /1 is the dynamic viscosity of the water at the film temperature, p,..is the dynamic 
viscosity of the water at the wall temperature, and f is the Darcy friction factor and can be 
calculated from the Petukhov relation [115]. 
(3-19) 
The above equation (3-18) is valid for fully developed turbulent flow inside tubes. However, in 
short tubes (L/ D > 1.0) and a sharp edged entry, Duffie and Beckman [115] suggest use of 
the McAdams relation to consider the increase in heat transfer coefficient near the entrance 
due to the developing thermal and hydrodynamic boundary layers. 
(3-20) 
where D and L are the inner diameter and length of the riser tube, respectively. 
3.4.7 Heat loss from collector 
Due to the high temperature of the absorber plate compared to that of the surrounding ambient 
environment, the plate loses some of its heat energy to the ambient by conduction, convection, 
and radiation. These losses are expressed in terms of the collector overall heat loss coefficient 
(UL). Therefore, the accuracy in evaluating the collector efficiency depends strongly on how 
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accurately the heat loss from the collector can be calculated. The following subsections 
describe the heat loss calculations that are considered in this study. 
Heat loss due to convection 
The majority of the heat loss from the absorber plate to the ambient is due to the convection 
mode. It is obvious from the governing equation that the convective loss regions are: natural 
convection between the glazing cover and the absorber plate, and forced convection from the 
glazing cover to ambient due to wind. The convective heat transfer coefficient (h) can be 
obtained from: 
k h=Nu-
L 
(3-21 ) 
Where k is the thermal conductivity of the fluid (in this case air), L is the characteristic length, 
and Nu is the Nusselt number. The following subsections give the appropriate correlations for 
Nusselt number used in this study. 
Natural convection between two parallel plates 
Many correlations have been developed to account for convective heat transfer between 
absorber plate and cover plate. However, Duffle and Beckman [115] have found that the most 
reliable correlation is the one suggested by Hollands et al. [116] for tilt angles f3 from 0 to 75 
degrees: 
(3-22) 
Nu = 1 + 1A{1 1708[Sin(1.8f3)]1.6][1 1708]+ 
Racos(f3) Racos(f3) 
where the positive sign indicates only positive values will be considered, otherwise it is taken 
as zero, and Ra is the Rayleigh number and is give as: 
Ra=PrGr (3-23) 
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where 
Pr is the Prandtl number 
Gr is the Grashof number and is given by 
where 
gfJ/lTL~ap 
Gr=..:..;....;,.........,~:::.. 
y2 
g is the gravitational acceleration, equal to 9.81 m/s2 
fJl is the volume coefficient of thermal expansion. 
i1T is the temperature difference between the cover and plate. 
Lgap the distance between the cover and the plate. 
y is the kinematic viscosity. 
(3-24) 
Hence, the heat transfer coefficient for natural convection between the absorber plate and the 
glazing cover can be obtained from: 
(3-25) 
Wind heat loss coefficient 
The wind heat loss coeffident has an important effect on the heat loss from the top of the 
collector, especially for the case of a single glazing cover. Consequently, many correlations 
have been adopted and used in calculations. Sartori [117] made a thorough review of the 
correlations used to estimate wind heat loss coefficients and compared them practically, 
concluding that the most suitable correlations are: 
h. = 3 83V 0.5 L-o.5 (Laminar flow) 
wmd • w 
h 4V 0.8£-0.2 wind = 5.7 w (fully turbulent flow) (3-26) 
h 5 74V 0.8 L-o·2 164L-1 
wind =. w -. (mixed flow) 
where 
Vw is the wind velocity (m/s) 
L is the surface length in the wind direction (m) 
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Heat loss due to conduction 
The only heat loss by conduction considered in the thermal analysis of flat plate collectors are 
the losses from the absorber plate through the back and sides of the collector. These losses 
are then transferred to the ambient by convection and radiation. In fact, these losses are 
relatively small compared to the top loss from the collector. In the calculations of the back and 
sides loss coefficients U fa' it has been found that the magnitude of the thermal resistance for 
conduction is greater than that for convection and radiation. Hence, the heat loss from the back 
and the sides of the collector can be estimated as conduction through the insulation only. 
Consequently, the back and sides loss coefficient based on the gross area is: 
Back heat loss coefficient 
The back loss coefficient based on gross area can be estimated as: 
U ::::: kin 
b- Linb 
Where Linb is the thickness of the back insulation. 
Side heat loss coefficient 
The side loss coefficient based on gross area is estimated as: 
U ::::: Ae kin 
s - Ac Lins 
(3-27) 
(3-28) 
(3-29) 
where Ae is the area of the sides of the collector, Ac is the gross area, and Lins is the 
thickness of the side insulation. 
Heat loss due to radiation 
The third mode of heat loss is by radiation from the flat plate collector. This is mainly occur 
between the absorber plate and the glazing cover, and the glazing cover and the sky. There is 
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no any direct radiation exchange between the absorber and the sky as the glazing cover is 
considered opaque to long wave radiation. 
Radiation exchange between absorber and cover plates 
The heat loss due to radiation between the absorber plate and glazing cover is estimated by 
considering them as two infinitely large parallel grey surfaces. Hence, the radiation heat 
transfer coefficient is: 
(3-30) 
Radiation exchange between glazing cover and the sky 
The radiation exchange between the glazing cover and the sky is evaluated by using the 
following relation for the radiation heat transfer coefficient: 
(3-31) 
Swinbank (1963) related sky temperature to the local air temperature through the following 
relation [115]: 
Ts,,>. = O.0552T;.5 (3-32) 
where T,k). and Ta are in Kelvin 
Overall heat loss coefficient 
The overall heat loss coefficient of the collector U L can be estimated from the above 
calculated heat transfer coefficients as follows: 
U L = U Top + U fa (3-33) 
where U Top is the top heat loss coefficient from the collector determined as follows: 
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UTop 
1 (3-34) 
---+---
h Jg + hrJg h wind + hrgs 
3.4.8 Calculating the efficiency graph 
The methods described in the preceding sections are sufficient to calculate the mean 
temperature of the collector absorber plate, the solar energy absorbed by the collector and the 
overall heat loss coefficient of the collector. Hence, the useful energy gained can be obtained 
from: 
(3-35) 
where Ap is the aperture area of the collector. 
The instantaneous efficiency of the collector based on the gross area is given by: 
(3-36) 
and this efficiency is placed on the efficiency graph at: 
(3-37) 
where Xi represent the x-direction of the collector efficiency graph. 
Placing at least 16 efficiency points as described in ASHRAE 93 [47] and using linear 
regression (least-square fitting) allows one to obtain the characteristic performance of the 
collector. Then, the efficiency equation that characterises the collector performance (equation 
(3-1)) can be obtained. 
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3.4.9 Calculating incident angle modifier coefficient 
The procedure for calculating the incident angle modifier Km in practice is outlined in section 
3.3.2. Similarly, in the theoretical model used in this study, values for Km were obtained for 
different values of incident angles: OQ, 30Q, 45 Q, and 60 Q, and linear regression between Km 
and (_l __ l) is used to determine the slope of the line which represents the value of the 
cost} 
incident angle modifier coefficient, ho ' 
3.4.10 Numerical procedure 
The method used in this study to find a solution based on the preceding analysis is shown in 
the flow chart depicted in Figure 3.6 and starts with guess of the temperature distributions of 
the fin, water and glass to calculate the heat loss coefficient from the collector. The Gauss-
Seidel Iterative method is applied to the descretized equations of the fin, water and glass cover 
to calculate the new temperatures until a certain criterion is met. Then, the average plate 
temperature can be calculated, and hence a collector efficiency point can be obtained, at a 
certain inlet temperature. The above procedure is repeated for sixteen different inlet 
temperatures and then linear regression is applied to obtain the collector characteristics. 
3.4.11 TRNSYS component programme code 
The model equations described in the previous sections are encoded using Fortran 90 
instructions and are written in a way that is compatible with TRNSYS components. The 
compilation is made by using Intel Visual Fortran 9.0 and Microsoft Visual studio 2003 to 
produce the Dynamic Link Library file (DLL) to be used as the TRNSYS component. 
3.4.12 Information flow diagram 
The information flow diagram of component Type 210 shows the sequence of the parameters, 
inputs and outputs of the component. This information should be dealt with in the same order 
indicated in Figure 3.7. 
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3.5 Pipes and Tank Heat Loss Coefficients, TYPE 211 
3.5.1 Introduction 
Determination of the thermal performance of thermosyphon solar water heating systems 
through the use of TRNSYS component Type 45 requires knowledge of the heat loss from the 
system. Since the storage tank and the connecting pipes in a practical solar heating system are 
imperfectly insulated, heat will be lost to the environment. Therefore, the overall heat loss 
coefficients of both the connecting pipes (upriser and downcomer) and the storage tank are 
required. These quantities are usually determined experimentally. However, in this study, a 
new TRNSYS component Type 211 is created in order to account theoretically for these 
quantities as will be needed for an optimisation process. The details of these components are 
given next. 
3.5.2 Pipes loss coefficients 
There are two parts to the connected pipes in the thermosyphon solar water heater system; the 
first part (the upriser) is the part connecting the output of the collector to the upper part of the 
tank. This part carries the highest temperature in the solar water system. The second part is 
the downcomer, which is the part connecting the outlet from the tank bottom to the inlet of the 
collector. This part carries nearly the lowest water temperature in the solar system. Both pipes 
are insulated to reduce the heat loss to the environment. The following assumptions are made 
in the calculation: 
• The temperature of the water in the connecting pipes is homogenous and equal to T aYe • 
• The pipes are considered to be exposed to forced convection in cross flow. 
The overall heat loss coefficients based on the inner pipe area as shown in Figure 3.8 is: 
(3-38) 
where: 
h j is the heat transfer coefficient between water in the pipe and the pipe inner wall. 
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Figure 3-6 flow chart of the collector characteristics programme 
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r pi is the inner pipe radius 
rpo is the outer pipe radius 
r pin is the outer radius of the insulation 
k p is the thermal conductivity of the pipe material 
kpin is the thermal conductivity of the insulation material 
Parameters 
1- G, 
2- GDR 
3- Ta 
4- Vw 
5- f3 
1. 
Inputs 
2 3 4 5 6 7 8 9 10 11 12 13 14 
Collector performance characteristics 
TYPE 210 
1 2 3 
Rgure 3-7 Information flow diagram of Type 210 
Equation (3-38) for heat loss coefficients include a series resistance for convection through the 
fluid in the pipe, a resistance for conduction through the pipe metal and the insulation, and then 
convective and radiative resistances in parallel to the ambient environment. The calculations of 
heat loss coefficients are given below. 
Convective heat transfer coefficient 
The heat transfer coefficient between the water flowing through the connecting pipes and the 
pipes wall can be estimated by the Gnielinski correlation [120]: 
for 2300 < Re < 5 x 1 06 and 0_5 < Pr < 2000 
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Nu (3-39) 
where f is the Darcy friction factor and calculated from the Petukhov relation. 
(3-19) 
r: ,h", 
Figure 3-8 Cross section of insulated pipe 
For laminar flow [120], 
Nu = 3.7 + 0.0461(RePr DI L)1.l5 
1 + 0.0316(RePr DI Lt84 
(3-40) 
The average heat transfer coefficient for flow across a cylindrical pipe is calculated using the 
correlation by Churchill and Bernstein [120]: 
0.62 Re 0.5 Pr l/3 Re . 
[ 
5/8]415 
Nu =0.3+ 1+ [1 + (0.4/Pr 2/3 ]0.25 (282000J (3-41) 
For 102 < Re < 107 and Peclet number Pe = RePr > 0.2 
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The above equation under-predicts by 20% in the range of 20,000 < Re < 400,000. 
Therefore, the following equation is recommended in this range [120]: 
Nu = 0 3 + . e r 1 + e O 62R 0.5 P 1/3 [ ( R )1/2] 
. [1 + (0.4 / Pr 2/3 ]0.25 282000 (3-42) 
All properties are evaluated at the film temperature. The heat loss coefficient due to wind can 
be obtained as follows: 
k h. = Nu-E!!:.... 
wind D . 
pm 
Where kair is the thermal conductivity of the surrounding air 
Radiative heat transfer coefficient 
The heat transfer coefficient for radiation can be estimated by: 
h - (T T XT2 T2 )(Tpin-Ts~y) rad - ac pin sky + pin sky + pin ( _ ) Tpin Ta 
where 
E pin is the emissivity of the of the pipe insulation 
Tpin is the temperature of the outer surface of the pipe insulation. 
3.5.3 Tank heat loss coefficient 
(3-43) 
(3-44) 
The overall heat loss coefficient of the tank can be modelled and calculated theoretically by 
using heat transfer empirical correlations. In the theoretical procedure, the tank -which is 
usually cylindrical shape- (vertical or horizontal), is divided into three main parts as shown in 
Figure 3.9. The parts are: the top, the bottom, and the sides: 
(3-45) 
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These three parts of the tank differ in shape and/or in positions. However, in this case the tank 
is considered to be exposed to forced flow (being sited outdoor on a roof top in practical) and 
hence the effect of the tank position (vertical or horizontal orientation) can be considered 
insignificant. 
For the sake of simplicity, the effect of stratification in the tank is ignored and it is assumed that 
the fluid in the tank is at an average temperature Tave' The above equation may then be 
written as: 
(3-46) 
r "'" ./' 
HTiIl 
l / 
"'" 
'Ii 
i r 
Figure 3-9 schematic diagram of the storage tank 
The overall heat loss coefficient from the tank can then be expressed as: 
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(3-47) 
Neglecting the effect of the internal convective heat transfer of the fluid inside the tank, we will 
consider the temperature of the inner tank to be equal to the average fluid temperature in the 
tank. This is a reasonable assumption due to the fact that the resistance between the water in 
the tank and the inner tank wall is very small compared to the conduction resistance through 
the insulation. 
Therefore, the heat loss coefficient of each part of the tank may be expressed as : 
where 
0, is the tank metal wall thickness. 
O,in is the tank insulation thickness. 
r,i is the tank wall inside radius. 
r,o is the tank wall outside radius. 
r,in is the tank insulation outside radius. 
r,o is the tank wall mean radius. 
k, is the thermal conductivity of the tank metal wall. 
k'in is the thermal conductivity of the tank insulation. 
H, is the tank wall metal height. 
H,in is the tank insulation height. 
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(3-49) 
(3-50) 
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h
rad is the radiative heat transfer coefficient from the outside surface of the tank 
hw is the convective heat transfer coefficient from the top or bottom surface of the tank due 
to the wind 
h
wind is the convective heat transfer coefficient from the outer surface of the cylindrical part of 
tank due to the wind. 
The above equations require determination of the heat transfer coefficients hwind ' hw and 
h
rad for each part of the tank as follows. 
Convective heat transfer coefficients 
Similarty, equations (3-41) and (3-42) were used also to calculate convective heat loss 
coefficient between the cylindrical part of the storage tank and surrounding ambient, hwind ' The 
top and bottom parts of the tank are treated as flat plates with parallel flow across them. Thus, 
the Nusslet number correlation of turbulent flow is used [120]: 
Nu = O.037Reo.s PrOA3 (3-51 ) 
The above equation (3-51) may be used for either constant wall temperature or uniform heat 
flux, and for Reynolds numbers up to 3 x 107 [120]. 
Radiative heat transfer coefficient 
The heat transfer coefficient due to radiation from the top and sides of the tank can be 
estimated as: 
(3-52) 
where, T;in can be either the temperature of the top or the sides of the tank insulation surfaces. 
73 
Chapter 3 TRNSYS Features and The New Components 
3.5.4 TRNSYS component programme code 
The preceding model correlations are encoded using Fortran 90 instructions and compiled by 
using Intel Visual FORTRAN 9.0 and Microsoft Visual studio 2003 to produce the Dynamic Link 
Library file (DLL) to be used as the new TRNSYS component. 
3.5.5 Information flow diagram 
The Information flow diagram of the new component Type 211 shows the sequence of the 
parameters, inputs and outputs of the component. This information should be dealt with in the 
same order as indicated in Figure 3.10. 
3.6 Modified Thermosyphon-Collector Component Type 245 
Based on the principle upon which TRNSYS is constructed, each component Type can be 
considered as a 'black box'. The input information to the component is divided into two sets. 
The first set is called 'Parameters' which characterise the component remain fixed with time. 
This information is read once at the beginning of the simulation before any process is executed 
in the TRNSYS simulation program. The other set is called 'Inputs' which are the information 
that is dependent on time, change during the simulation and are updated at each time step. 
The output information from the component is called 'Outputs' and these are time dependent. 
In Type 45, the experimentally-determined information (namely, FR Ta, FRV L' bo ' VI, V2, 
VAt) are set as parameters. Therefore, the outputs of the aforementioned two new TRNSYS 
components cannot be connected directly to the existing component Type 45 unless the six 
experimentally-determined items of information are changed from being parameters to instead 
being inputs. This is exactly what being done to modify Type 45 and it is re-named as Modified 
thermosyphon-collector component Type 245. 
Consequently, the outputs of the two new TRNSYS components can then be connected to the 
modified thermosyphon-collector component Type 245. The changes in parameters and inputs 
are shown in the information flow diagram of component Type 245 as depicted in Figure 3.11. 
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Figure 3-10 information flow diagram of Type 211 
3.7 Modified TRNSYS Model 
In TRNSYS, the existing standard procedure for modelling (simulating) thermosyphon solar 
water heaters that has been used by researchers to date is called in this study the 'Original 
TRNSYS Model' (OM). Usually, the original TRNSYS model comprises the following main 
components: thermosyphon-collector component Type 45, weather data component Type109, 
load profile, in addition to a flow mixer and diverter, output and utility components, as shown in 
Figure 3.12. However, in this study new components have been added or modified, to be used 
in modelling thermosyphon systems. The new model is referred to as the 'Modified TRNSYS 
Model' (MM), and comprises the thermosyphon-collector component Type 245 as modified in 
this study, collector characteristics components Type 210, pipe-tank heat loss Type 211, 
weather data component Type 109, load profile, in addition to a flow mixer and diverter, output 
and utility components as depicted in Figure 3.13. 
The original TRNSYS model can be considered already validated, having been used for more 
than twenty years. The original TRNSYS model can then be used to validate the Modified 
TRNSYS Model as will be shown in the next chapter. 
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Figure 3-11 Information flow diagram of Type 245 
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Figure 3-12 Schematic diagram of Original TRNSYS Model 
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3.8 Summary 
Two new components for the TRNSYS simulation programme are developed in this chapter. 
The first component is the collector characteristic component Type 210. This component is 
used mainly to determine the characteristic performance of flat plate solar collectors by 
calculating FR Ta, FRU L' as well as the incident angle modifier coefficient, ho • Four existing 
models from the literature have been discussed and will be examined in the next chapter in 
order to find the best model for use in this study. The numerical analysis and the solution 
procedure are also discussed. 
The second new component is the Pipe-Tank heat loss coefficient component Type 211. This 
component is developed to determine the heat loss coefficient of the connecting pipes in the 
solar system (U j and Uo ) and the overall heat loss coefficient of the storage tank (UA,). 
Load Profile load Calculation 
Weather Data 
D 
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r 
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Figure 3-13 Schematic diagram of the Modified TRNSYS Model 
Furthermore, a modification of the original component Type 45 is made. This modification is 
mainly to accept as inputs the outputs of the new components mentioned above. 
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Finally, the modified TRNSYS model to evaluate the performance of thermosyphon systems is 
implemented in the TRNSYS environment. The modified TRNSYS model incorporates the new 
components developed in this chapter. This model will be validated against the original 
TRNSYS model in the next chapter and will be used as the basis for evaluating the thermal 
performance of thermosyphon systems throughout the rest of this work including the 
optimisation process. 
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Chapter 4 Models Validation 
4.1 Introduction 
The purpose of using experimentally determined information in TRNSYS Type 45 is mainly to 
reduce computation and to eliminate errors incurred by theoretical calculations. In this study 
however, and with the aim of optimisation in mind, we recourse to calculate those information 
by theoretical models through the addition of two new components to TRNSYS. Therefore, 
validating the new TRNSYS components developed in Chapter 3 is very important, as is the 
determination of the accuracy of each component and the accumulated errors incurred from 
being incorporating in the TRNSYS model to simulate the thermal performance of the 
thermosyphon system. The new arrangement which is called 'Modified TRNSYS Model' (MM) 
in this study will be compared against the Original TRNSYS Model (OM). 
The current chapter discusses the methods by which the collector characteristics components, 
pipe and tank heat loss coefficient components, and the Modified TRNSYS model are 
validated. 
4.2 Collector Characteristics Model Validation 
4.2.1 Method of Validation 
The procedure followed in this study to validate the collector characteristics model is to 
compare prediction of the four models described in chapter 3 with results reported in four test 
reports of the collector thermal performance, tested according to the European Standard EN 
12975·2. These test reports contain all the necessary information (obtained from experimental 
testing under standard conditions) required to validate the theoretical models. Hence, there is 
no need to conduct any additional experimental work. 
The test reports obtained are according to European Standard EN 12975·2 which is slightly 
different from the ASHRAE standard in some aspects. However, in the main, the concept is 
nearly the same. The characteristic efficiency equation of the former is based on the aperture 
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area of the collectors and the mean fluid temperature at the inlet and outlet of the collector is 
given in equation 4.1. 
". =~=F ('fa) -F U (Tm -Ta) 
'(, A G R n R L G 
p I I 
(4-1) 
where, Tm is the mean fluid temperature at the inlet and outlet of the collector. 
In the latter case, the ASHRAE collector characteristics equation is based on the collector 
gross area and the inlet fluid temperature only, as follows: 
(4-2) 
For the purpose of validation, using the reported results of tests conducted according to the 
European Standard EN 12975-2 to validate the models, followed by use of the validated model 
can be used to calculate the collector efficiency curve according to ASHRE standard is quite 
acceptable [111]. A study conducted by Rojas et al [111] investigated the differences in 
collector parameters when tested according to ASHRAE 93 and EN 12975-2 standards. They 
concluded that the collector parameters obtained by both standards are very similar, with 
almost no differences in y-intercept values and less than 5% differences in the heat loss 
coefficient values. Therefore, in this study, we will validate the models by using results from 
test reports according to the European Standard EN 12975-2, and then the validated model will 
be used to calculate the collector characterises according to the ASHRAE standard. 
4.2.2 Validation Results 
Collector characteristics performance 
The resulting predictions from the four models (1,2,3, and CoDePro) are compared with data 
determined experimentally for four collectors tested according to standard EN 12975-2. These 
comparisons are shown in Figures 4.1 to 4.4, and the main specifications of the collectors used 
. for the validation (labelled 1,2,3 and 4) are listed in Table 4.1. 
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Figure 4·1 Experimental and theoretical efficiency curves for collector 1 
From Figures 4.1 to 4.4 and the calculation of the average root mean square (RMS) error of the 
results performed using Excel spread sheet, Model 3 shows good agreement with the 
experimental data to within an RMS error of less than 1.0%. This compares with RMS errors of 
the other three models of 1.35%, 2.64% and 1.6 % for Model 1, Model 2 and CoDePro, 
respectively. Therefore Model 3 was chosen to represent the characteristic performance of the 
flat plate solar collector (Type 210) in this study. 
Incidence angle modifier 
The European standard EN 12975-2 is different from the ASHRAE 93 standard in the case of 
evaluating the incidence angle modifier of flat plate collectors. Only one efficiency at 50° 
incident angle should be measured and reported. Therefore, the comparison of the results from 
the model and the experiment are given in tabular format, Table 4.2. 
It can be seen from Table 4.2 that there is good agreement between th~ experiment and 
prediction from the models with an error margin of 4.5%. 
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Rgure 4-2 Experimental and theoretical efficiency curves for collector 2 
y(exp) = -4.3665x + 0.7662 
y(co) = -4.379x + 0.7826 
y(m1) = -4.965x + 0.817 
y(rn2) = -4.793x + 0.781 
y(m3) = -4.365x + 0.781 
0.01 0.02 0.03 
(Tm-Ta)/Gt 
0.04 
• III 
x 
• 
Exr.>erirnen 
CoDe Pro 
IV10del 1 
IV1oder2 
IV1ode[3 
0.05 0.06 
Rgure 4-3 Experimental and theoretical efficiency curves for collector 3 
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Table 4-1 Main collector specifications 
Parameter Collector1 Collector 2 Collector 3 Collector 4 
FR,a 0.779 0.802 0.766 0.776 
FRUL 4.336 4.083 4.592 4.459 
Collector area (m2) 2.272 1.99 2.49 2.398 
Aperture area (m2) 2.013 1.86 2.259 2.256 
Collector hieght 2.09 1.941 2.008 2.08 
dimension width 1.087 1.027 1.24 1.153 
(m) depth 0.105 0.083 0.102 0.09 
Absorber material Copper Copper Copper Copper 
absorptivity 95% 95% 95% 96% 
emissivity 5% 4% 5% 12% 
thickness (mm) 0.22 0.2 0.2 0.18 
Riser material Copper Copper copper Copper 
Number of risers 8 13 10 9 
inner diam. (mm) 6.4 9.165 7 5.2 
Outer diam. (mm) 8 9.875 8 6 
Cover material Glass Glass Glass Glass 
transmission 90.6% 89% 90.5% 91% 
thickness (mm) 4 3.2 4 3.2 
Insulation material Mineral wool Glass wool Glass wool Mineral wool 
Insulation thickness (mm) 
Back 66 38 50 55 
Sides 20 28 20 15 
Thermal conductivity 0.045 0.044 0.044 0.045 
W/m.K 
Here it is worth mentioning that, in the three collector models (Model1 , Model2 and Model3) the 
calculation of the solar energy absorbed by the collector are the same. Hence, the theoretical 
calculations of the incidence angle modifier are also the same for the three models. 
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Table 4·2 Experiment and prediction values of the incidence angle modifier 
Incidence angle modifier at 50!! 
Collector No experiment Prediction Error % 
0.890 0.929 4.5% 
3 0.922 0.930 < 1% 
4 0.911 0.931 2.2% 
- test report of collector 2 does not incorporate incidence angle results 
4.3 Pipe and Tank Heat Loss coefficients Model Validation 
4.3.1 Method of Validation 
The procedure followed in this study to validate the theoretical model for the calculation of the 
tank heat loss coefficient was to carry out a number of experiments. Two insulated storage 
tanks, as depicted in Figure 4.5, were used for the experiment. 
The experiment was performed according to the procedure outlined in 180 standard 180·9459· 
2. Three experiments for each storage tank were conducted and the average value of each are 
considered as the average heat loss coefficient of the tank. Test apparatus and the test 
procedure are discussed in the following sections. Consequently, the approach involved 
measuring heat loss rates from the insulated tanks under known external ambient temperature 
and air flow conditions. 
4.3.2 Experimental Apparatus 
The instruments and the equipment used for conducting the experiment are briefly described 
below. 
Wind tunnel 
A wind tunnel was used for this experiment to provide a known and controlled air flow across 
the exterior of the tank. The wind tunnel comprises two large fans each of which has a power 
up to 3.3 kW and can provide a very wide range of evenly distributed wind speeds. The tunnel 
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is made of transparent plastic of rectangular cross-section, with a height of 2.3 m, width of 1.0 
m and length of 2.0 m, and the tunnel has divergent section of the same height is 1.0 m long, 
with the width at the end of divergence being 1.30 m. 
The wind can be produced by sucking the air from the wind tunnel or by blowing the air into the 
wind tunnel. 
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Figure 4-4 Experimental and theoretical efficiency curves for collector 4 
Wind speed measurement 
0.06 
The wind speed in the tunnel was measured using a hot wire anemometer and wind speed 
impeller. The measurements were recorded using a testo 454 portable data logger device 
model 01296207. The accuracy and operating range of these instruments are given in Table 
4.3. The instruments were new, and were factory-calibrated. 
Temperature measurement 
There are a number of points where temperatures were measured and recorded. All 
temperatures were measured using thermocouples of type K and T. The thermocouples and 
the read out data logger (type Picolog TC-OB) were tested and calibrated against a standard 
thermocouple and hot water path. Measurement accuracy was to ±0.1 K. 
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Figure 4-Sa Insulated hot water cylinder of capacity 12Slitres 
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Figure 4.Sb Insulated hot water cylinder of capacity 90 litres 
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The thermocouples were fitted as follows: 
• Five thermocouples fitted vertically, equally spaced, in the centre of the cylinder using 
special design needed for their immersion. These are for temperature stratifications in 
the tank fluid, as shown in Figure 4.Sb. 
• Two thermocouples were fitted at the inlet and outlet of the circulating pump 
• One thermocouple to measure ambient temperature fitted near to the tank. 
Table 4-3 Technical information of the instrument. 
Vane Bendable vane probe 0.1-15 m1s 
(+0.1 to+15m1s) 
3-function probe for 
measurement of ± (0.03 mls ± 5% of mv) 
Hot bulb o to +10 m1s 
temperature, humidity and (Oto+10 mls) 
velocity 
Circulating pump 
A circulating pump was fitted between the inlet and outlet of the tank to circulate the water in 
the tank at the beginning and at the end of the experiment to get the homogenous temperature. 
A schematic diagram of the position of the circulating pump is shown in Figure 4.6. 
Electric 
heater 
Storage 
tank 
Therm ocouple 
Circulating 
DumD 
Figure 4-6 schematic diagram of the storage tank and circulating pump 
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4.3.3 Experimental setup 
The wind tunnel is located in a room with good temperature control, and the hot water cylinder 
to be tested is placed on a stand elevated from the ground by 40 cm, so that the air can flow 
freely all over and around the tank. The tank is filled with tap water on the first day to be ready 
for the experiment. The general view of the experiment is shown in Figure 4.7. 
4.3.4 Test ~rocedure 
The tank heat loss coefficient is calculated based on 180-9459-2, as prescribed in the following 
steps: 
• The water inside the tank is heated up by using an immersion electric heater to a 
temperature of at least 60 QC, and the water is circulated in the tank by using the 
circulating pump to get an initial homogenous temperature. 
• Wind tunnel power is selected each time to obtain the required wind speed. 
• Record initial temperatures, and run the experiment for at least 12 to 24 hours. 
• At the end of the test period, switch-off the wind tunnel and circulate the water in the 
tank to get the final temperature of the water. 
• Using the results, the heat loss coefficient of the tank can be obtained by using the 
following correlation: 
where: 
Pw is the water density (kg/m3) 
CPw is the water specific heat (kJ/kg K) 
V. is the tank volume (m3) 
Ilt is the experiment time period (8) 
1'; is the initial temperature of the water (0C) 
Tf is the final temperature of the water ( 0C) 
Ta(av) is the average ambient temperature during the experiment (0C) 
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4.3.5 Experimental Results 
A series of three experiments were carried out for each hot water cylinder. The data was 
recorded and analysed, and the results are reported in Table 4.4 and Table 4.5 as follows: 
4.3.6 Model Validation Results 
Section 3.4.3 described the process for modelling the heat loss coefficient of a hot water 
cylinder in this study. In this section, the results obtained from that model will be compared to 
the experimental results obtained here for two different hot water cylinders. The results of the 
comparison are shown in Table 4.6. 
Rgure 4-7 General view of the experiment setup 
The predictions are not in good agreement .with experiment, with an average error about 25.75 
%. It is possible that some of the error might be the result of irregularity in the tank insulation 
thickness. The experimental values are slightly higher than the measured values. This is 
considered to be due to the fact that the heat dissipated from the circulating pump and 
connecting pipes between the inlet and outlet of the tank (used to mix the water in the tank at 
the beginning and the end of the experiment) are not considered in the above measured 
values. The heat losses via the connecting pipes and the circulating pump can be estimated 
from their relative areas. The relative pipes area of Tank 1 is about 3 % of the total surface 
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area of the tank, hence, the modified value of the overall heat loss coefficient from Tank 1 will 
change from 1.679 W/K (Table 4.5) to 1.628 W/K, with a new estimated error of less than 
22.7%. The relative pipes area of Tank 2 is about 4% of the total surface area of the tank and 
hence, the modified value of the overall heat loss coefficient from Tank 2 will become 1.783 
W/K with an error less than 23.4%. It must be emphasised that the for the loop the insulation 
thickness is much less than that of the tank and its thermal conductivity was higher than that of 
the tank as the loop was insulated with different insulation material. 
Table 4-4 Measured results for hot water cylinder 125 Litres 
~Experiment Time Initial Final Ambient Wind 
no. duration temp temp. temp ,speed UAt 
, (Sec) (2C) (2C) (!!C) 1,{mlS) j, f(VV/~) ~ : 
,'..,,, , , 
'" ~ ~ ",ill' ~ " ,.~ 
1- 43,200 60.84 55.07 19.11 4.2 1.701 
2- 43,200 60.40 54.76 19.06 3.6 1.677 
3- 43,200 61.40 55.76 19.74 3.8 1.66 
Average overall heat loss coefficients of the tank = 1.679 
Clearly, the agreement is still not satisfactory, so this means that there is an error either in the 
experiment or the theoretical model. Due to uncertainties about the sources of heat loss from 
the tank, it was decided that, the experiment must be repeated in a different way so as to 
eliminate all uncertainties as much as possible. 
Table 4-5 Measured results for hot water cylinder 90 Litres 
~Experiment Time Initial Final Ambient ,Wind 
,no. duration temp temp. temp ,speed UAt 
, 
J" (Sec] (!!C) (!!C) , ; (7P) , '; \(mls) (W/K) 
1- 43,200 62.704 54.612 21.07 4.3 1.853 
2- 58,500 60.25 49.81 18.69 4.17 1.871 
3- 46,800 61.19 52.81 20.96 3.9 1.850 
Average overall heat loss coefficients of the tank = 1.858 
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Table 4-6 Measured and predicted heat losses for two hot water cylinder tanks. 
125 1.679 
2 90 1858 
I 
4.3.7 Repeating the experiment 
1.258 
1365 
Average error is 
25% 
265% 
25.75% 
Due to the relatively poor agreement between the experimental and model predicted results, 
the experiment was repeated. There was particular concern about the insulation of the 
circulating loop and of the other exposed parts of the cylinders. At this time, the main idea 
behind repeating the experiment was to eliminate all possible error sources. Therefore, instead 
of using a circulating pump to mix the water inside the tank at the beginning and the end of the 
experiment, a wooden stick is used to mix the water manually. All the exposed parts of the 
cylinder were insulated by using mineral wool insulation, the main exposed parts being the 
area around the holes in the cylinder for entry of the immersion heater and the inlet and outlet 
pipes of the cylinder. 
The experiment is repeated three times for each cylinder and the results are shown in Table 
4.7 and Table 4.8. 
Table 4-7 repeated measured results for hot water cylinder 125 Utres. 
Experiment mme Initial FinaL' Ambient ' 'Wind 
;/} "~~'"% '" $it? ~ ",:;, '(:"Y 
duration 'temp temp.' ,temp ::7' spee 
~;( , >' :'~ < ·f~ ~ \,0 i ""' 0,. 
'i '~:" ,(Sec) , ': t%i ~'(~C)R' ,," [2C) " ,,(~C), : "§ ,'::: ,(ril/§) 
, "<:t."", :if ,. """ < ~ , """ ~ ~ v ffii"'~ /~ "" » ""~", 
," ::< ~R 3<V 
" x~, "j', >-
d ,uA:t':: 
(~,~t;", 
Ni' Y""'i"" Ph*» 
no. " 
1- 45,000 60.75 56.29 20.91 3.2 1.357 
2- 70,200 61.29 54.41 20.69 4.0 1.361 
3- 83,700 61.25 53.14 21.31 4.2 1.395 
Average overall heat loss coefficients of the tank = 1.371 
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Table 4-8 Repeated m~asured results for hot water cylinder 90 Litres. 
Experiment [ime Initial Final ' / Ambient : Wind 
no. duration temp temp. ' 'temp speed UAt 
>' (Sec) (2C) (2C) {2C) (rri/s) (W/K) 
" 
1- 46,800 60.68 53.48 20.83 4.15 1.573 
2- 61,200 61.22 51.93 20.85 3.2 1.584 
3- 88,200 62.61 49.68 20.77 3.6 1.553 
Average overall heat loss coefficients of the tank = 1.570 
Comparing the results of the first and repeated experiments, there is an obvious difference 
between the results. More than 22% extra heat is lost from Tank 1 due to the circulating loop 
and imperfect insulation of some parts of the tank. Similarly, 18% extra heat loss from Tank 2 is 
obtained. 
The new comparison of repeated experiment and model results are shown in Table 4.9. The 
agreement between the experiment and model results is now much improved, and is 
considered acceptable in heat transfer problems. 
Table 4-9 Measured and predicted heat losses for two hot water cylinder tanks. 
125 1.371 1.258 8.3% 
2 90 1.570 1.365 13% 
Average error is 10.7% 
4.3.8 Uncertainty Analysis 
Although care was taken in conducting the experiments described in the previous sections, it is 
important to perform an uncertainty analysis. The experiment has a number of variables that 
were measured; Table 4.11 shows these variables and the associated uncertainty with each. 
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Table 4-1 0 measurement uncertainties in the experiment 
Tank volume V. 
± 0.003125 m3 Tank 1 
± 0.00225 m3 Tank 2 
Time measurement III ± 300 seconds 
Water temperature (1'; , Tf ) ± 0.1K 
Ambient temperature (Ta) ± 0.5K 
The method used to estimate the uncertainty of the experimental results is based on the 
specification of uncertainties in primary experimental measurements [121]. Five quantities are 
measured in the experiment, and the overall heat loss coefficient is calculated by equation 4-1 
as follows: 
The uncertainty in the results (wR ) can be calculated by using the following: 
where 
Wv is the uncertainty in the tank volume measurements 
W~1 is the uncertainty in the experiment time period measurements 
W i is the uncertainty in the water initial temperature measurements 
W f is the uncertainty in the water final temperature measurements 
Wa is the uncertainty in the ambient air temperature measurements 
and 
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(4-2a) 
(4-2b) 
au PwCPwVs 
ar; = Llt{r; - Ta(av») (4-2c) 
au PwCP)'s 
aTf = Llt{Tf -7;,(av») 
(4-2d) 
au _ PwCPwVs (r; - Tr) 
a7;,(av) - Llt {r; - Ta(avJTf - 7;,(avJ (4-2e) 
Equation 4-2 was used with the results of the experiments from the two tanks listed in Table 
4.7 and Table 4.8 to calculate the uncertainties in the results. The results are illustrated in 
Table 4.11 
From Table 4.11 we can deduce that the maximum uncertainty in the experimental of 
determining the heat transfer coefficient of Tank 1 is 4.31% and in Tank 2 is 3.54%. 
Table 4-11 The uncertainties of the experimental results 
1- 4.31 3.54 
2- 3.55 3.30 
3- 3.39 3.12 
4.4 Validation of Modified TRNSYS Model 
4.4.1 Method of Validation 
The method used to validate the Modified TRNSYS model is to compare it with the original 
TRNSYS model for the same thermosyphon system characteristics, weather conditions and 
operating conditions. Two thermosyphon systems (system 1 and system 2), each having 
specifications as described in Table 4.12, are used for the comparison. It is assumed that the 
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daily quantity of hot water withdrawn from the system is 150 litres at 60 QC, and is withdrawn 
according to the simple load pattern shown in Figure 4.8. Weather data for Tripoli Airport, 
Libya, as provided by TRNSYS, is used in this study. 
The monthly and yearly solar fraction has been used as the measure of thermal performance of 
the thermosyphon system for both cases (original and modified models). The characteristic 
performances of the collectors listed in Table 4.7 are based on the difference in temperature 
between inlet fluids and ambient divided by incident solar radiation on the gross area of the 
collector as required to be used in TRNSYS. 
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20 24 
In a similar way, the agreement between original and modified TRNSYS models in the case of 
System 2 is also very good as can be seen in Figure 4.10, with slightly higher predictions of 
monthly solar fraction by the modified model (of no more than 6.06%), and the yearly error 
prediction of less than 4.17%. 
This shows that the errors incurred in calculating theoretically the characteristic performance of 
the collector and overall heat loss coefficient of the tank instead of measuring them 
experimentally can be considered acceptable for the purpose of evaluating and optimising 
thermosyphon systems (optimisation necessarily requiring the use of models). Therefore, the 
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modified TRNSYS model (MM) can be used for conducting parametric studies of the design 
parameters of thermosyphon solar systems. 
4.4.2 Results of Validation 
Figure 4.9 shows the monthly solar fraction of System1. It is clear that there is little difference 
between the original and modified models. The modified TRNSYS model (MM) predicts slightly 
higher values of solar fraction (by maximum of 4.87%) as compared to the original TRNSYS 
model (OM) whereas the error in estimating yearly performance is less that 3.45%. 
Table 4-12 Two thermosyphon system features 
Ac 2.272 m2 2.489 m2 125 lit 
FRTa 0.679 UAt 7.13 kJ/h FRTa 0.6791 UAt 6.52 kJ/h 
FRUL 13.77 UI 8.7946 FRUL 14.6052 UI 8.7946 
kJ/h m2 U2 kJ/h m2 k kJ/h m2 U2 kJ/h m2 k 
Gtest 72 Vload 150 LiVday Gtest 72 Vload 150 UVday 
kg/h m2 kg/h m2 
Dr 6.4 mm Ht 0.60m Dr 7.0 mm Ht 0.81m 
Dh 22 mm Hr 0.55 m Dh 22 mm Hr 0.7Sm 
Nr 8 Hth . 0.50m Nr 10 Hth 0.70m 
Di, Do 22mm Haux 0.45 m Di, Do 22 mm Haux 0.58 m 
Hc 1.38 m NB1, 4 Hc 1.3 m NB1 4 
NB2 NB2 
Ho 1.54m Paux 10 MJ/h Ho 1.45 m Paux 10 MJ/h 
Lh 1.087 Tmain 20 QC Lh 1.24 Tmai 20 QC 
Li 2.5m Tset 60 QC Li 2.5 m Tset 60 QC 
La 1.5 m ~ 45 deg La 1.75 m ~ 45 deg 
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4.5 Summary 
This chapter presents the validation of the new TRNSYS components that were described in 
detail in Chapter 3. The new component Type 210 'collector characteristics component' is 
validated in this chapter by comparing four theoretical models with experimental data from 
collector test result reports. The results show that the modified Kirchhoff and Billups model 
(Model 3) gives the best agreement with four sets of experimental results obtained from test 
reports, with an average RMS error of less than 1.06%. Therefore, Model 3 is chosen to 
represent the collector characteristics component, Type 210. 
0.85 
0.80 ......... -- ... - -
0.75 
c: 0.70 0 
n 
(1) 
U:: 0.65 
... 
(1) 
(5 0.60 (J) 
0.55 
0.50 
--MM - - Q~I 
0.45 
Jan Feb ll/ar Apr ll/ay Jun Jul Aug Sep Qct Nov Dec 
M:mths 
Rgure 4-9 Monthly solar fraction of system 1 
The second new TRNSYS component validated in this study is the Pipe-Tank heat loss 
coefficient component, Type 211. Experiments with two insulated storage tanks were used for 
the validation. The experiment was repeated three times for each tank, and the average value 
taken as the measured overall heat loss coeffident of the tank. The maximum error between 
the experimental value and the prediction from the model was 13%. 
The Modified TRNSYS Model (MM) , represents a new way of modelling thermosyphon 
systems in TRNSYS by incorporating the new components mentioned above, and will be used 
as the basis to evaluate the thermal performance of thermosyphon systems in this study. Due 
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to the incorporation of new components, it was necessary to validate the (MM) against the 
Original TRNSYS Model. The results of validation show that the maximum yearly error 
obtained from a comparison for two the different TRNSYS models was 4.17%. 
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Figure 4-1 0 Monthly solar fraction of system 2 
It is concluded that, despite of the errors incurred in the Modified TRNSYS Model, the (MM) will 
be very beneficial in conducting parametric studies and optimisation of the design parameters 
of thermosyphon systems. This cannot be done using the Original TRNSYS Model (OM), and 
thus the modified TRNSYS model (MM) represents an important contribution to the field. 
98 
Chapter 5 Identification of Key Parameters 
Chapter 5 Identification of Key Parameters 
5.1 Introduction 
In this chapter we will identify the design parameters of the design tool developed during the 
course of this research. The purpose of the tool is to find the optimum design of thermosyphon 
solar water heating system. The modified TRNSYS model (developed in Chapter 3) is used to 
identify the most influential design parameters on the system performance. These parameters 
are selected as design parameters in the design tool. For the purpose of implementing the 
design tool, Libya is chosen as a case study; hence, an overview on Ubya is also given here. 
5.2 Overview of Libya (Case study) 
5.2.1 Solar Energy Potential in Libya 
Libya is a sub-Sahara country located in North Africa (see Figure 5.1) with total area around 
1,757,000 sq km and a total population of 5,882,667 inhabitants as estimated in 2004 [122]. 
The prevailing climate in the northern part of Libya is the Mediterranean climate (cold wet-
winter, hot dry-summer), while the southern part is a desert climate. The minimum and 
maximum average monthly mean daily temperatures of the three main cities in Libya are 
shown in Figure 5.2 and Figure 5.3 [123]. 
Libya is located in a geographical region with an abundant and reliable supply of solar energy 
as shown in Figure 5.4 and Figure 5.5. It is estimated that the annual average daily global 
radiation values vary from around 5.6 kWh/m2/day in the coastal belt (Northern region) to 
around 8.5 kWh/m2/day in the southern region, while average annual sunshine hours vary from 
3100 to 3900 hours, respectively [124]. Hence, these figures encourage widespread 
exploitation of solar energy. However, until recently, the contribution of solar energy in the 
Libyan energy supply has received relatively little attention. This may be attributed to the fact 
that Ubya is a major oil producer and the prices of energy in the country are very cheap relative 
to the global prices. Thus, implementing solar energy applications require many efforts from all. 
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5.2.2 Solar Water Heaters in Libya 
Despite the widespread use of solar water heaters in many places in the world that have less 
favourable prospects for use of such technology, still there is no usage of such technologies in 
Libya except for only about 2000 thermosyphon solar water heaters that are spread in different 
parts in the country [125]. Most of them are concentrated in AI-Burayqah town, and they suffer 
from neglect and lack of maintenance. 
The reasons behind the lack of use of such systems in Ubya go back to many factors which 
may include: lack of clear policy and/or serious plans to establish such technology, cheap 
prices of conventional energy, and lack of environmental awareness. 
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Recent feasibility studies on the use of solar water heaters are quite contradictory with previous 
studies due to the dramatic change of the Libyan economy over the past few decades. The 
earlier studies [96,125,126] have shown that the solar systems are very economical and offer a 
vital alternative. 
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Figure 5-2 Minimum average monthly mean daily temperature 
However, in a latter study conducted by Abdunnabi and Brwian [127] based on socio-economic 
status, thermosyphon solar water heaters field study data, General Electric Company of Ubya 
(GECOL) annual report, and other governmental records have shown that solar water heaters 
in Ubya are not economically viable from the people's perspective (electricity and electric water 
heaters are very cheap), and that no one will accept this technology unless a good plan is 
implemented. Accordingly, the study suggested a strategy to be adopted by GECOL as the 
state owned company solely responsible for generation, transport and distribution of electricity 
for the whole country. 
The proposed strategy suggested that the company should import and subsidise solar water 
heaters to make them competitive and even cheaper than the electric water heaters. 70% 
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subsidies were proposed in the study, and two scenarios were suggested in which 972,623 
solar water heaters should be installed with a 5% annual growth rate, these should replace 
electric water heaters in a 15 year time period. 
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The results of the balance of payment [127] showed that the accumulated cost which will be 
paid reaches its highest value in the sixth year at around US$78.52 million, then the cost 
decreases until the fourteenth year when the net profit is around US$5.08 million. 
The study assumed that the life time of solar water heaters is only 10 years (most studies 
consider it between 25-30 years) the oil price is 25 US$/ barrel, and the electricity price is 
0.015 US$/kWh which is now has changed to 0.015 - 0.041 US$/kWh [128]. The cost of 
maintenance and labour of the thermal power plants were not considered in the study. All these 
factors, if considered again using current figures for costing will help the case proposed for 
solar water heaters to an even greater extent. Furthermore, there will be benefits of energy 
saving, reduced emission of harmful and green house gases, and generation of new jobs. 
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Rgure 5-4 Average yearly global solar radiation contours map of Libya 
Figure 5-5 contour lines of the average yearly diffuse radiation on Libya 
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Recently, a project [129] was carried out by a team from the Centre for Solar Energy Studies 
(CSES) to familiarise Libyan people with the technologies of domestic solar water heaters and 
to obtain field data on selected systems. Some 200 systems of different types and different 
manufacture were imported and installed in different regions in Libya. Results showed that a lot 
of people are interested in installing the systems, while many others refused them because of 
the high initial cost. The systems most favoured among people were found to be thermosyphon 
and heat pipe technologies. Only two forced circulation systems were installed and have given 
rise to problems due to overheating of the heat exchanger loop. Following complaints from 
many people these systems were eventually replaced with other thermosyphon systems. The 
other problem reported was the inadequacy of system size for the typical Libyan family size, 
which averages 6.27 people per family according to the demographic account of 2004 [122]. 
This implies that further studies should be conducted to choose the proper size of solar system 
to suit Libyan families. Consequently, this should reflect positively amongst the people and 
hence help the widespread adoption of this technology. 
Additionally, in the last years there have been many calls (in Libya) to implement renewable 
energy application in general, and solar water heaters in particular. Several national and 
international conferences about solar and renewable energy have been held in Libya, and also 
at least two factories were started to produce thermosyphon solar water heaters. However, 
they failed to promote their products due to the bad designs. 
This signifies the recent attention of the decision makers in Libya to implement the application 
of solar energy. Therefore, correct plans and detailed studies should be put forward to best 
implement such technology. This thesis contributes to those plans. 
5.2.3 Information availability 
To run the thermosyphon system design tool for any particular place requires some basic 
information for that location, namely weather conditions, hot water volume drawn and pattern of 
draw-off, and the prices of the material to be used to manufacture the solar system. The 
accuracy of these data are vital for obtaining an accurate design. 
In Libya, the typical metrological year (TMY2) provided by TRNSYS for the capital city Tripoli is 
used in this study. Unfortunately, there is no available data regarding the hot water usage 
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profile of Libyan families, and conducting such a study is out of the scope of this work because 
it requires a major monitoring exercise. Therefore, a simple load pattern is assumed based on 
personal experience with Ubyan habits of using hot water. The assumed hot water profile is 
shown in Figure 4.8. 
The final information required is the prices of the materials used to construct the system. In 
this study, it proved too difficult to get these prices from the manufacturer, and so the prices are 
estimated from the Libyan free market and will be presented in the following chapters. 
5.3 Parameters Identification 
In this section, the effect of a number of design parameters on the thermosyphon solar system 
performance will be studied. The study is conducted on a thermosyphon system assumed to be 
located in Tripoli Ubya, and with system parameters and other pertinent technical details as 
listed in Table 5.1 (all terms are defined in the Nomenclature). The daily quantity of hot water 
withdrawn is taken to be 150 litres at a temperature of 60 QC and according to a simple load 
pattern as shown in Figure 4.8. Weather data for Tripoli Airport Libya, as provided by TRNSYS, 
is used. 
In this study, the annual solar fraction (SF) is used as the metric to represent the thermal 
performance of the thermosyphon system, and is defined as the ratio of the annual energy 
supplied by the solar resource (Qsol) to the total energy required by the load over the same 
period. 
(5.1) 
where, QAux is the energy supplied by the auxiliary heater. 
In the following subsections, a parametric study of some important design features of the 
thermosyphon system is conducted using the modified TRNSYS model (MM) presented in 
Chapter 4. The features of most influence will be taken as design parameters in the design tool 
that will be discussed in the next chapter. 
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Tab! e 5-1 Thermosyphon system features 
Ac 2.272 m2 Vt 95 lit 
FR'ra 0.679 UAt 6.78 kJ/h 
FRUL 13.77 kJ/h m2 Ul U2 8.79 kJ/h m2 k , 
Gtest 72 kglh m2 Vload 150 UVday 
Dr 6.4 mm Ht 0.60m 
Dh 22mm Hr 0.55 m 
Nr 8 Hth (Ht -O.I).m 
Di, Do 22mm Haux (Ht -0.15) m 
Hc 1.38 m NB1, NB2 4 
Ho 1.54 m Paux 10 MJ/h 
W, 1.087 Tmain 20 QC 
L 2.5m Tset 60 QC 
La 1.5 m ~ 43deg 
5.3.1 Effect of Number of Risers 
The effect on the collector and the system of the number of risers is very important from the 
point of view of the thermal performance and the cost. In fact, there is an optimum number of 
risers that results in maximum collector efficiency. Increasing the number of risers beyond the 
optimum will increase the losses from the collector and, in turn, reduce the efficiency [113]. The 
optimum number of risers of the collector might not be the same if the collector is incorporated 
in a thermosyphon system as opposed to a pumped system. Figure 5.6 shows the behaviour of 
the system solar fraction as the number of risers in the collector is increased. There is clearly a 
sharp increase in the system solar fraction for small numbers of risers until the risers reach five 
in number. Beyond this value, a very slight decrease in solar fraction is observed followed by 
more or less constancy. 
5.3.2 Effect of Riser Diameter 
The effect on the thermosyphon system performance of increasing riser diameter is shown in 
Figure 5.7. At very small riser diameters of less than 4 mm, the increase in riser diameter is 
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accompanied by a sharp increase in the system solar fraction. However, beyond 4 mm 
diameter, the increase in riser diameter causes a reduction in the solar fraction until a riser 
diameter of 10 mm is reached. Beyond this value, riser diameter has an insignificant effect on 
the solar fraction of the system being considered. 
Figure 5.7 suggests that the optimum riser diameter is between 3.0 and 5.5 mm for the system 
in question which is very small in practical terms. In practice, such diameters are to be avoided 
in order to prevent bore narrowing and loss of performance that might result from scaling. 
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5.3.3 Collector Aspect Ratio 
The effect of the aspect ratio of the collector on system performance is investigated for two 
cases, i) keeping the number of risers fixed per unit area and changing the distance between 
the risers(~, and ii) keeping the distance between the risers fixed and changing the number of 
risers by changing the aspect ratio of the collector. The results are shown in Figure 5.8. In case 
i), (the broken line), the system performance increases gradually by increasing the aspect ratio 
or by changing the ratio of number of risers per collector breadth (NrlWc) (in this case fixing the 
number of risers (Nr=8) and changing the width of the collector). This has a similar effect to 
that of increasing the number of risers at one aspect ratio as shown in Figure 5.6. 
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From Figure 5.8 it can be seen that increasing the aspect ratio will increase the solar fraction of 
the system for the case of fixing the number of risers in the collector. However, this increase 
might become undesirable from the point of view of aesthetics and handling problems. 
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Figure 5-7 Effect of riser diameter on the system solar fraction 
In case ii), changing the number of risers per unit area while keeping the distance between the 
risers fixed (Nr/We=const) shows a steady improvement in the solar fraction as the aspect ratio 
of the collector increases. Beyond an aspect ratio of about 1.5 almost the same performance is 
obtained for both cases, as well as insignificant further increase in solar fraction. It can be 
deduced clearly from the figure that the effect of the distance between the risers (W) is more 
important than the effect of number of risers (Nr). This is because of the increase of the heat 
loss associated with the increase of the distance between risers. 
Another conclusion from Figure 5.8 is that increasing the length of the tested collector beyond 
the aspect ratio of 1.2 provides little improvement to the thermal performance of the system, 
and far beyond this value might be aesthetically unacceptable if the system was to be installed 
on flat roofs. 
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The results shown in Figure 5.8 for the case of fixing distance between risers agree to some 
extent with the results reported by Kirchhoff and Billups [112] where they reported that" plates 
designed for thermosyphon operation should be on the order of 1 meter in length to take 
advantage of increased efficiency without excessive loss of outlet temperature". It is clear that 
the increase in the system performance (solar fraction) beyond the value where the length of 
the collector is of the order of 1 meter ( LclWc =0.44) is less than 5%. 
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5.3.4 Effect of Tank Aspect Ratio 
3 
Changing the aspect ratio of the tank (HIDt) is likely to change the value of the overall heat 
loss coefficient (UAt) between the tank and its surroundings in the case of keeping the 
insulation thickness of the tank (Ltin) fixed. In TRNSYS Type 45 the value of the tank loss 
coefficient is determined experimentally for a particular tank, hence changing the aspect ratio 
will change the surface area of the tank (As) and, in turn, the heat loss coefficient will also 
change as shown in Figure 5.9. It clear from Figure 5.9 that the change of heat transfer 
coefficient is almost directly proportional to the change of the tank surface area due to the 
change of aspect ratio. 
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The minimum surface area of any cylindrical shape can be determined as occurring at an 
aspect ratio of unity (HIOt =1) which is likely to give the minimum heat loss from the tank. 
However, does this configuration give the optimum performance when the tank is connected as 
part of the thermosyphon system, in view of stratification and thermosyphon head? In this 
context, Figure 5.10 shows that the system performance increases by increasing the tank 
aspect ratio in both cases of fixing the insulation thickness or assuming constant heat loss 
coefficient. This implies that stratification and thermosyphon head play an important role in the 
system performance. Decrease in the solar fraction for an aspect ratio beyond 5.5 in the case 
of fixed insulation thickness is probably due to the increase in heat loss from the tank. The heat 
loss coefficient can be minimised by increasing the insulation thickness as shown in Figure 
5.10 (broken line) where VAt is kept constant at the value as given in Table 5.1. 
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Figure 5-9 Effect of aspect ratio on the heat loss coefficient 
The results of Figure 5.10 (solid line) agree to some extent with the experiments of Hariharan 
et al. [130] who found from the range of experiments carried out that the optimum value of 
Ht/Of is between 3 and 4. This requires increasing the insulation thickness of the tank, and 
hence, increasing the system cost. This means there is an optimum value of the aspect ratio 
and the insulation thickness of the tank should be sought. Figure 5.10 is generated for the case 
of an auxiliary heater positioned 15 cm below the top of the tank. However, many commercially 
available systems come with different auxiliary heater positions. Therefore, Figure 5.11 was 
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generated to show the effect of different positions of the auxiliary heater. It can be seen that the 
auxiliary heater position has a major influence on the system performance, and placing the 
auxiliary heater as high as possible in the tank is the most beneficial location provided there 
are no restrictions. 
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Figure 5-10 Effect of the tank aspect ratio on the solar fraction of the system 
It can also be deduced from Figure 5.10 and Figure 5.11 that increasing the height of the tank 
will improve the system efficiency due to the improvement in the tank stratification and the 
thermosyphon head. Hence, it illustrates the advantages of vertical tanks over horizontal ones. 
5.3.5 Effect of the gap between glazing cover and absorber plate 
The effect of the gap between glazing cover and absorber plate on the thermosyphon system 
performance is obvious on the heat loss from the top of the collector. This effect is shown in 
Figure 2.1 and is accounted for in the calculation of the heat loss in the TRNSYS programme. 
In addition, the height of the gap causes a shadow on the absorber plate from the sides of the 
collector, so increasing the gap will increase the shadow on the absorber plate and hence 
reduce the collector performance. This effect is not considered in the TRNSYS programme and 
therefore, the height of the gap should be designed to be as minimal as possible. Figure 5.12 
shows the effect of varying the gap between glazing cover and the absorber plate on the 
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thermosyphon system performance. It is clear for this particular case that beyond a gap height 
0.03 m there is no significant influence on the system performance. 
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5.3.6 Effect of Tank Volume 
We now investigate the potential best volume of the tank for the case of drawing 150 litres of 
water per day at 60 QC according to the load pattern shown in Figure 4.8. As has been seen 
from Figure 5.10, the aspect ratio of the tank has a significant effect on the system 
performance, therefore, in this case, different aspect ratios are considered for all the different 
volumes tested. The effect of increasing tank volume on the system performance is shown in 
Figure 5.13 for a range of aspect ratios. 
It can be seen that the optimum tank volume would be around 100 litres (at HtlDt=3) when the 
daily hot water withdrawn is 150 litres at 60 QC but also can be between 100 to 125 litres for 
other aspect ratios as shown in Figure 5.13. Increasing the volume beyond 100 litres reduces 
the solar fraction of the system significantly. What happens if we increase the amount of hot 
water withdrawn from the system? Figure 5.14 shows the optimum tank volume for the case of 
the daily hot water withdrawn being increased to 200 litres. Here, the optimum tank volume 
would be around 120 litres. However, the system solar fraction reduced from 83.5% to 74.5%. 
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Figure 5-13 The effect of tank volume on the system solar fraction 
Of course, increasing the amount of energy withdrawn from the same system will reduce the 
solar fraction. Therefore, Figure 5.15 shows the effect of reducing the temperature of hot water 
Chapter 5 Identification of Key Parameters 
withdrawal to 45 QC instead of 60 QC whilst keeping the energy extracted from the system the 
same, by increasing the quantity of water withdrawn from 150 Litres to 240 Litres. 
Unexpectedly, the maximum system solar fraction is reduced by 3.5% and the optimum tank 
volume is almost the same. This could be attributed to the de-stratification in the tank due to 
the increase of water flow rate in the tank during the draw-off. 
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Figure 5-14 Effect of tank volume on solar fraction when the daily draw is 200 litres 
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From the previous results and discussion, the question arises of the effect of the collector area 
itself. The effect of collector area (adding another collector to the system with the same 
specifications) on the optimum tank volume and solar fraction is shown in Figure 5.16. It is 
clear that the optimum tank size would be around 140 litres which is bigger than the size in the 
first case. That means the collector area is more important in determining the optimum tank 
volume than the quantity of hot water withdrawn from the system. 
Finally, it is clear from the previous figures and the discussion that there is strong interaction 
between different design parameters and significant effect upon optimal system design. It is 
very important to conduct a multi-parameter optimisation that takes into consideration the 
interaction between the design parameters, weather conditions and usage data to find the 
optimum combination of parameters. 
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draw of 240 IJtres and draw-off temperature of 45 QC 
5.4 Summary 
In this chapter, a parametric study for the design parameters of a thermosyphon system 
assumed to be located in Libya is performed. The parametric study shows the influence of 
each design parameter studied on the system performance when the other parameters are 
kept fixed. From this single parameter at a time' investigation, the most influential parameters 
are found to be number of risers, riser diameter, collector aspect ratio, collector insulation 
thickness, gap between the collector cover and the absorber plate, collector area, tank volume, 
tank aspect ratio, and tank insulation thickness. However, this will not provide the whole picture 
of how to choose the optimum design values for a thermosyphon system. For this, a multi-
parameter approach is required. However, the preceding investigation can provide clear idea 
about the influential parameters to be considered in the optimisation using the design tool to be 
discussed in the next chapter. 
Chapter 5 Identification of Key Parameters 
In this chapter as well, an overview on Libya is given as a case study chosen for the 
implementation of the parametric study of this chapter and the application of the design tool in 
the next chapters. 
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Chapter 6 Optimisation and Development of a Thermosyphon 
System Design Tool 
6.1 Introduction 
The current chapter presents the approach used to develop the design tool for sizing and 
optimising thermosyphon solar water heaters. The first part of this chapter gives a brief 
overview about the optimisation methods, and the approach used to optimise the problem at 
hand. The remaining part of this chapter is about the linkage between the optimisation 
programme and the modified TRNSYS model (MM) developed and validated in previous 
chapters to constitute the targeted design tool for thermosyphon solar water heaters. 
6.2 System Design Optimisation 
In recent years, optimisation has become a rapidly developing field. This is due to its 
importance in diverse application areas and to the huge efforts invested on it. For any system 
that has a set of parameters, optimisation can be defined as the process of arriving at the 
particular set of parameter values which makes the system optimal in some way [131]. 
Literature reveals that a larger umber of optimisation approaches are used to solve various 
optimisation problems. Among the optimisation methods, evolutionary algorithms have been 
used extensively in recent years, because they outperform conventional optimisation methods 
in solving most real world problems. 
In this work, evolutionary algorithms - namely the Genetic Algorithm (GA) approach - has been 
chosen because it is the most commonly used algorithm among evolutionary techniques, and it 
has been applied successfully in more than twenty different disciplines [132]. In addition, it has 
the common advantages of evolutionary algorithms in which robust global search in complex 
spaces are less likely to get trapped at local optima. 
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6.3 Evolutionary Algorithms 
Evolutionary Algorithms (EAs) are among the methods that have proven their ability in finding 
global optimum solutions to problems. Evolutionary Algorithms (EAs) are population-based, 
stochastic, and direct search methods based on the principles of natural selection and survival 
of the fittest. The fundamental feature of EAs is that they work with a population of solutions 
concurrently, not with a single point as conventional methods do. These algorithms can be 
divided into four sub-classes, Evolutionary Strategies (ES), Evolutionary Programming (EP), 
Genetic Algorithm (GA), and Genetic Programming (GP). The main difference in these 
methods lies in the operators (crossover and mutation) and representations used [133]. 
Evolutionary algorithms use several operators that evaluate the fitness of each solution, select 
better solutions, and create new sets of solutions by combing the futures of relatively more 
successful solutions. 
The optimisation problem can be a single-objective, multi-objective and constrained or 
unconstrained problem. Most real world optimisation problems are multi-objective in nature and 
more likely to be constrained. Therefore, the approaches have been used to solve different 
kind of problems, and vary from one to another. 
6.3.1 Unconstrained Multi-objective Optimisation 
Over the past two decades, a great deal of work has been conducted developing evolutionary 
algorithms capable of solving Multi-objective optimization problems (MOPs). A general Multi-
objective problems consist of two or more objective functions, which are usually in conflict with 
each other (Le. optimising one objective causes the other objectives to be. poor). The solution 
in MOP is typically not a unique solution; rather it is a set of solutions, the so called 'Pareto 
optimal solutions' (Pareto front) that trades-off among the objectives. So, there is no one 
solution from the Pareto front that is the best with respect to all objectives, and anyone could 
be an acceptable solution. These are solutions where it is impossible to improve the value of 
an objective function without at least worsening one of the other objective functions. Hence, the 
decision maker has to provide additional information that is most suited to a particular 
application in order to choose the optimal solution. 
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Several multi-objective evolutionary algorithms have been reported in the literature. Detailed 
summaries regarding state-of-the-art algorithms are discussed by a number of authors 
[134,135]. Commonly, multi-objective optimization algorithms can be classified into three 
different groups, depending on how the search and decision making tasks are handled. A very 
brief discussion will be given here in order to give some idea on how multi-objective 
optimisation problems can be tackled. 
Priori methods 
The decision maker has to include his/her preferences before the search process is performed 
(decide-then-search). This is very useful when the decision maker has a thorough idea about 
his/her preferences regarding the objectives. In this approach, the objective functions are 
aggregated into a single objective function whereby the preference information is represented. 
The aggregation can be performed by either scalar combination or by ranking of the objectives 
according to the importance. So, there are different methods which come under this category 
such as: weighted sum [136] which is the most popular one, goal programming [137] and the 
lexicographic ordering method [134]. The outcome of this approach is a single optimum 
solution, and the Pareto front can be generated by using multiple runs with different weights. 
The advantage of this approach is that the single objective strategies can be applied to such 
kinds of problem, with aggregate objective functions and computational efficiency. The most 
obvious drawbacks of some methods in this approach are that they cannot generate optimal 
solutions at the concave portion of the trade-off surface of some problems, as well as the fact 
that they are time consuming. 
Progressive methods 
Here the decision maker provides his/her preferences during the search process in an 
interactive way. At each iteration, the results of the search are evaluated by the decision maker 
in order to update the preferences. The literature has shown very little work dealing with 
interactive methods, since they require an important investment of time from the decision 
maker [134]. Examples of these methods are: Surrogate Worth Trade-off (SWT) and 
Geoffrion's; for more understanding of these methods and others refer to [134]. 
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Posteriori methods 
In this approach, a set of solutions called the Pareto optimal set are obtained, and represents 
all trade-off optimal solutions in the parameter space, as well as the Pareto optimal front, which 
represents the same set of solutions in the objective space, which is also obtained. In the 
posteriori methods, the decision maker has to use his/her preferences at the end, when the 
Pareto optimal front has been completely determined (Search-then-Decide). 
In fact, from the amount of work published in multi-objective optimisation problems recently, 
we can consider this approach as the most flourishing research area. Basically, these methods 
try to generate the entire Pareto frontier which allows the decision maker to see all possibilities 
to make his/her decision. Many techniques were developed during the last few decades; the 
first work in this field was by Schaffer, Vector Evaluated Genetic Algorithm (VEGA) [138]. The 
approach uses a special single-objective-based preferential selection procedure. Since then, 
many approaches come into surface and treat different types of multi-objective optimization 
problems. Most of these works used Pareto based selection procedures to determine a non-
dominated set as suggested by Goldberg [139]. Such popular methods are: Niched Pareto 
Genetic algorithm (NPGA) by Horn et al.[140], Strength Pareto Evolutionary Algorithm (SPEA) 
by Zitzler and Thiele [141], and the method by Srinivas and Deb [142]. The Non-dominated 
Sorting Genetic Algorithm (NSGA 11) can be considered the most commonly used nowadays. 
The Schaffer method (VEGA) is a criterion selection technique, because a fraction of the 
population is selected upon separate objective performances [134]. Most other techniques 
were based on the concept of Pareto sampling proposed by Goldberg [139]. 
Here, it is worth mentioning that there is no specific method that can be used to solve all mUlti-
objective optimisation problems. However, the method used by the user should be chosen with 
regard to his/her needs. 
6.3.2 Handling Constraints in Evolutionary Algorithms 
Most real world optimisation problems are constrained multi-objective types, and finding a 
solution for these problems is quite difficult. In addition to the difficulty of solving multi-objective 
optimisation problems, the presence of constraints may cause difficulty for a~ optimisation 
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algorithm, not only in converging to the true Pareto-optimal front, but also in maintaining a well-
distributed set of non-dominated solutions [135]. 
In the past few years, a considerable amount of research, and a wide variety of approaches, 
has been suggested to approach constrained optimisation problems in evolutionary algorithms. 
A very quick glance over some common constraint handling approaches will be given here, but 
for more thorough information about the topic, the reader might refer to [137,143]. The most 
common approach used with constrained optimisation problems is the penalty functions. The 
main idea is to add or subtract a certain value to/from the objective function based on the 
degree of the violated constraint. The idea behind this is to transform a constrained 
optimisation problem into an unconstrained one. The drawback of this method is the difficulty of 
finding the degree of penalisation. Another approach used to tackle constrained problems is to 
separate between objectives and constraints. Within this category, multi-objective optimisation 
techniques are used to handle constraints by redefining the single-objective optimisation 
problem as a multi-objective one in which the number of objectives becomes equal to the 
number of constraints, adding one. Hence, a multi-objective optimisation technique can by 
applied. Many techniques were used in this regard, each of which has its advantages and 
drawbacks. Using different ranking techniques called Stochastic Ranking (SR), the approach 
adopted by Runarsson and Yao [144] appears very promising in handling constraints problems. 
It is efficient and highly competitive with other approaches [145]. The approach requires a 
probability parameter to be set by the user. More recently, Ho and Shimizu [146] have 
developed a constraints handling method called an 'addition of ranking method'. The method 
appears very efficient and does not require any tuning parameters. In the present work, 
discussion and implementation of stochastic ranking and addition of ranking schemes will be 
given in the following sections. 
6.4 Evolutionary Algorithms and Solar Water Heaters 
Through the literature review, there are a great deal of works that have been devoted to 
implementing EAs across a range of fields including biology, engineering, computer science, 
finance, to name but a few. 
However, most of the previous work regarding optimization of the design variables of the 
domestic thermosyphon solar water heaters have applied the single variable optimization 
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method (or parametric study) in their analysis [72,73,147]. This is done by fixing all variables, 
and varying only one at a time to see its effect. Strictly, such a method can not really represent 
accurately the problem under investigation since the number of variables is large and the 
problem inherently is multi-objective. 
A great deal of work [148,149,150,151,152] has been published regarding sizing and 
optimising active solar water heaters and to work on thermosyphon systems [36,4045,73,100] 
by using classical optimisation techniques. However, only limited work has been devoted to 
using evolutionary algorithms to optimise large scale solar water heaters utilised in industrial or 
service applications. Below, a brief outline of some of the work using evolutionary algorithms is 
given. 
Loomans and Visser [153] have implemented a Genetic Algorithm to optimise large solar water 
heating systems (hotel applications) with respect to payback time. The optimisation was made 
for different draw off quantities and daily and yearly draw off patterns to obtain the optimum 
solar collector area and storage tank size that give the minimum payback period. The study 
also went on to consider different solar fractions. The authors have considered the GA to be 
most applicable to such optimisation problems. 
Kalogirou [154] has applied a Genetic Algorithm to estimate the optimum size of the collector 
area and storage tank volume in order to maximise the life cycle savings of the large solar 
water heating system. He trained Artificial Neural Networks (ANN) through using a small 
number of TRNSYS simulations to learn the correlation of collector area and storage tank size 
with the auxiliary energy required. Hence the life cycle savings of the system could be 
estimated. 
The results of various cases were compared to the traditional trial and error method, the 
optimum solution obtained by GA giving increased life cycle savings of 4.9% as compared to a 
traditional one. Furthermore, great savings in time computation were observed and solutions 
were always obtainable even in some cases where no solution was available by the traditional 
method. 
Fong et al. [155] have used evolutionary algorithms for the optimisation of centralized solar 
water heating systems for high-rise residential buildings. The objective function was to 
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maximize the year-round energy savings by using the solar heating against the conventional 
domestic electric heating. The optimisation variables considered are: collector tilt angle, solar 
collector surface azimuth, storage capacity, and mass flow rate of the circulation pump. 
Fong et al. [155] have used evolutionary programming in their study and optimal values for the 
optimised variables are obtained for the case study considered. 
Karause et al. [156] have studied the optimisation of large solar water heating systems over 
three phases: planning phase, operating phase (should be carried out after a year of data 
collection), and the daily optimisation phase under dynamic conditions. The genetic algorithm 
was used in the planning phase, whereas seven algorithms, five classical algorithms and two 
evolutionary algorithms (evolution strategy, genetic algorithm) were compared in the operating 
phase. They found that classical algorithms such as SIMPLEX and simulated annealing 
algorithms converge much faster to the optimum solution than evolutionary strategy and 
genetic algorithms, even if the latter found a slightly better optimum. 
In the planning phase, which is the concern of this current study as well, the authors looked at 
the basic design and component properties of the system to be optimised in advance, 20 
parameters being selected in this phase. Most of these parameters were control parameters, 
buffer store (inlet position, volume), and sensor (settings, positions). The results revealed that 
the solar heat cost of the system could be reduced by 18% compared with conventionally 
planned and installed systems. This improvement is a result of both the increase in the solar 
gain and the decrease in the investment. 
The aforementioned studies are with regards to forced circulation solar water heating systems 
for large scale applications. Furthermore, most of them were not optimising the design 
parameters of the system itself, rather they were optimising the collector's area and tank's 
volume while keeping their characteristic performance constant. In the present work, however, 
design parameters of a direct thermosyphon solar water heater for a domestic purpose are 
optimised to get the optimum cost effectiveness system that suits a particular situation. 
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6.5 Problem Formulation 
Defining the objective(s) of any problem is not always a straightforward task, but is always 
critical. The problem at hand can be defined as a multi-objective optimisation problem 
consisting of three objective functions: the cost of material contained in the system, the system 
performance (solar fraction in this case, will be defined later), and the average outlet 
temperature to the load. However, the problem can simply be treated as a constrained single 
optimisation problem where the cost function is chosen as the objective and the other two 
objectives treated as constraints. Then the problem can be stated as: 
Minimise Cost (x) (6.1) 
Subject to: 
SF(x) 2:c\ (6.1a) 
Tuse(x) 2: c2 (6.1 b) 
Where x = [Xl ,X2, ... ,xJT is the vector of the n design variables of the system that are to be 
optimised and each variable Xi is bounded by lower and upper limitslx; ,x~ 1. c\ and c2 are 
lower bounds of the constraints that can be varied to find multiple points on the Pareto-optimal 
front. 
Thirteen parameters were chosen to determine the optimal characteristics of the thermosyphon 
system. Each parameter is varied over a range of values chosen from literature and practical 
experience. Table 6.1 shows these parameters. The range over which they were varied and 
their precision are given in Chapter 7. 
Some of the design parameters were chosen in this study because of their influence on the 
system performance as shown in Chapter 5. The other parameters regarding insulation 
thickness of the collector and storage tank were not examined in Chapter 5, however, they are 
chosen because of their obvious effect on the system performance and the cost as well. 
6.6 Solution Method (Procedure) 
Through the literature review, genetic algorithm with the stochastic ranking procedure to handle 
constraints would be an appropriate procedure for solving the problem at hand. Furthermore, 
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the addition of ranking scheme to handle constraints in a single optimisation problem is also 
tested in this study. 
Table 6·1 Design variables of thermosyphon system 
Ae Collector Gross area (m2) 
2 Le/We Collector aspect ratio 
3 Ne Number of collectors 
4 W Fin width (cm) 
5 ~ap Gap between cover and absorber plate (cm) 
6 Linb Collector back insulation thickness (cm) 
7 Lins Collector sides insulation thickness (m) 
8 Vt Tank volume (m3) 
9 H//D/ Tank aspect ratio 
10 Ltins Sides insulation thickness 
11 Ltint Top and bottom insulation thickness (m) 
12 Paux Auxiliary heater power (kW) 
13 Tset Auxiliary heater setting temperature (OC) 
6.6.1 Constraints handling procedure 
Stochastic Ranking procedure 
Until quite recently, the penalty function was by far the most widely used method of handling 
constraints in evolutionary computation. Despite its simplicity, finding the right balance between 
the penalty and objective function is the biggest challenge of this method. The usual method of 
ranking solutions in constrained handling techniques is according to a fitness function. The 
value of the fitness function is determined by the quality of the solution in terms of objective 
value and constraint violation. Balancing between them is a complicated matter and can be an 
optimisation problem in itself. For a good review of penalty function and other constraint 
handling techniques, refer to Michalewicz [143]. 
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Recently, Runarasson and Vao [144] have introduced a new method based on a ranking 
procedure, known as Stochastic Ranking (SR). The method attempts to simplify the 
complicated process of balancing between objective and penalty functions by introducing a 
stochastic bubble-sort procedure to rank different solutions. The advantage of this method over 
the others is that it requires only a single parameter (PI) to be set. The ranking is achieved 
according to the following: 
• Feasible solution ranked according to its objective value. 
• Infeasible solution ranked according to its degree of constraint violation or with a 
probability of PI according to its objective value. 
The feasible solution means a solution that satisfies all the constraints, while an infeasible 
solution fails to satisfy at least one of the constraints. The parameter PI is the only factor that 
must be tuned to balance between the objective and penalty functions. This can be done for a 
particular problem by running the optimisation several times with different values of PI. 
Runarasson and Vao [144] have tested 13 benchmark problems and have suggested that 
0.4 < PI < 0.5 would be appropriate for many constrained optimisation problems. 
Addition of Ranking procedure 
Despite the popularity of the Stochastic Ranking method for handling constraints in single 
optimisation problems, the method still requires an extra tuning parameter which must be set 
by the user. 
More recently, Ho and Shimizu [146] have developed a new method for handling constraints in 
single optimisation problems, denoted as: addition of ranking. The method does not require any 
parameter to be tuned; it attempts to achieve the proper balance by ranking individuals with 
respect to the objective function and constraints violation independently. This is achieved by 
converting these two properties into numerical values of the same order of magnitude. 
The method can be described as follows. 
In any evolutionary optimisation problem, the individual can be described by the following three 
numerical properties: 
1- The value of the objective function, f(i) 
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p 
2- The sum of squares of constraints violation, s = Lmax[O,g(x)] 
j=l 
3- The number of constraints violated, v where (0::;; v::;; p) 
. The above three properties are different in order of magnitude; hence the method used a 
proper scaling to rank individual with respect to each variable (f(x),s, v) independently. This, 
in turn, produces three new terms, RI,Rs and Rv' For instance, the value of RI for each 
individual is equal to the number of individuals by which it is dominated with respect to f(x). 
The values of Rs and R. are calculated in a similar way to RI with respect to s and v, 
respectively. 
Using this procedure, the new terms, RI' Rs and Rv are all of the same order of magnitude, 
each of which ranges from 1 to N, where N is the population size. 
The aggregation of different properties is achieved based on whether or not any feasible 
solution exists in the population as follows: 
All individuals in the population are infeasible 
;(x) = Rs +R. 
Feasible individuals exist in the population 
;(x) = RI + Rs + Rv 
(6.2) 
(6.3) 
;(x) is the fitness function to be optimised. In case of no feasible solution, the aim is to find 
the first feasible solution from the search space and hence, the information of f(x) is not 
important in equation (6.2). Once the first feasible solution is obtained, the algorithm should 
explore the search space to find the optimum solution, and hence the information of f(x) is 
very important to equation (6.3). 
6.6.2 Genetic Algorithm 
The basic principles of Genetic Algorithms (GA) dated from the original work of John Holland's 
in the 19608 on the theory of adaptive systems, and to the further development for engineering 
applications by Goldberg [139]. Genetic algorithms are stochastic search and optimisation 
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techniques motivated by natural principles and selection. In this approach, each design 
parameter of the defined problem is represented by a gene using a binary string. The 
corresponding genes for all parameters form a chromosome capable of describing an individual 
design solution. A population is a set of randomly chosen chromosomes within the search 
space representing several individual possible solutions. Once the population (parents) is 
initialised, the fitness determination, reproduction and recombination phases repeat cyclically 
until a certain desired termination criterion is met. Each iteration of this process is called a 
generation [139]. 
Once the first population is initialised, each individual is evaluated using the fitness (or 
objective) function to determine its fitness. In the reproduction phase, a number of individuals 
are selected on the basis of their fitness to be retained in the next generation and reproduce 
offspring. The fittest individuals are more likely to be selected and survive to the next 
generation, and hence it is possible for an individual in the population to be selected more than 
once to be a parent. These parents then undergo recombination processes using genetic 
operators, typically crossover and mutation. Crossover is used to produce offspring from the 
selected parents by swapping the information between two parents chosen randomly. 
However, mutation is used sparingly by flipping the value of the single bits within individual 
strings i.e. 1 to 0 or vice versa. The reason behind applying mutation is to introduce new genes 
into the whole population. 
This is a general overview of the typical genetic algorithms, and the following section will give 
more details about the genetic operators and some other issues involved with the genetic 
algorithm used in this work. 
6.7 Solution Technique 
In building (designing) a genetic algorithm methodology to optimise thermosyphon solar water 
heating systems, genetic operators and stochastic ranking parameters must be carefully 
designed as they directly affect the performance of the algorithm. The following sub-sections 
give details of the algorithm parameters and the setting values. 
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Chromosome Representation (encoding) 
In the genetic algorithm, the candidate solution of any problem is an individual that can be 
represented by a set of parameters. The representation is needed to describe each individual 
in the population and to determine how the problem is structured in the GA. Several ways of 
encoding exist, with binary and real numbers being the most popular. In this study, binary 
encoding is used due to its applicability of representing the nature of such problems with 
discrete and continues parameters (mixed integer), effective representation mechanisms in 
unexpected areas [157], and to it being by far the most frequently encoding scheme applied in 
the genetic algorithm, at least in engineering applications [158). In the binary coding genetic 
algorithm, each parameter is encoded into a substring known as a gene. Then the genes are 
concatenated to form a string (chromosome) as shown in Figure 6.1. Each locus in the 
chromosome has two possible alleles, 0 and 1. In genetic algorithm terminology, the 
chromosome in its binary form is known as the genotype; the solution that the chromosome 
represents (decoded form) is known as the phenotype. A fixed length of chromosome is used 
and the length of the chromosome is defined by the required precision of each design variable. 
In this study, the length of the chromosome with 13 design variables and their precisions are 
indicated, for instance, in Table 7.2. It is found to be 60 bits. 
Geney 
I~ ~I 
chromosome 1111101011111110111011111010111 
I~ Gene x ~I I~ Genez ~I 
Figure 6-1 an example of chromosome of bit strings 
Mapping from a binary string (genotype) of design variables to real numbers (phenotype) is 
performed in the following manner [132): 
U L 
x; -x; L 
X,. = I Z,. + x; and, i = 1,2,3, ... ,k 2;-1 (6.4) 
where 
Xi is the real value of the variable 
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x~ and xY are the real values of lower and upper limits of the variable. 
Z; is the integer value of the variable. 
I; is the length of the chromosome. 
k is the number of design variables. 
The obvious limitation in using binary encoding is that it can only search discrete points in 
search space. 
Population size 
Proper estimation of the population size is considered to be the most important factor that 
affects the (performance of the GAs) solution and the processing time it consumes [159]. 
Defining the population size for any optimisation problem depends strongly on how complex 
the search space is. Moreover, the population size is also influenced by the type of the 
operators and the value of the parameters used in the algorithm. In the present study, a 
population size of 20 was found to be a reasonable number and was used in all results. The 
selection was based on running the simulation programme for different population sizes 
between 10 to 50 as shown in Figure A-1 to Figure A-7 in Appendix A. Although the number of 
simulation runs for each population size was small, a relatively population size of 20 gives the 
best results and therefore is chosen. 
Initial Population 
The first step in using a typical GA is initialising a population of parent chromosomes. This can 
be done either randomly or by seeding. However, If there is information about the search space 
(prior to the experiment), then the initial population can be generated by selecting a number of 
points uniformly distributed over the search space. In this study, the initiated population is 
generated randomly. 
Selection 
Selection is one of the primary operators that allow a genetic algorithm to evolve towards a 
good solution. Generally, selection focuses on exploring promising regions of the search 
space. The chromosome strings from the entire population are compared and the better ones, 
in terms of fitness values, are more likely to be selected to reproduce and survive to the next 
generation. The most important thing in the selection scheme is to maintain population diversity 
130 
Chapter 6 Optimisation and Development of a Thermosyphon System Design Tool 
to help avoid premature convergence, and balancing selective pressure. Too Iowa selection 
pressure will result in a slow convergence rate, and it will take an unnecessarily longer time to 
find the optimal solution. On the other hand, too high a selection pressure will result in 
prematurely converging to a sub-optimal solution [160]. Typically, there are two categories of 
selection schemes in common use, namely proportionate selection and ordinal-based 
selection. The mechanism of proportionate selection is based on picking out individuals 
according to their fitness values relative to the fitness of other individuals in the population. 
Such schemes are known as roulette wheel selection and stochastic reminder selection. The 
ordinal selection picks out individuals based on their rank in the population, based on their 
fitness values. Truncation selection and tournament selection are an example of this scheme. 
In this study, the pair-wise tournament selection with replacement is used (the same parents 
can be picked twice) because it is more efficient than Roulette wheel, and is one of the most 
popular schemes often used by researchers. The method is based on selecting two individuals 
randomly from the population and the fitter individual of the two is selected to be a parent. The 
selection process is repeated unti I the same population size is reached [132]. 
Crossover 
Crossover is the process of exchanging information between two selected parents to produce 
offspring. The crossover operator is one of the main operators that affect the balance between 
exploration and exploitation [161] and hence, consideration should be given to the choice of 
this operator. The crossover mechanism can be performed in many ways, such as: single point 
crossover, two point crossover, adaptive crossover, uniform crossover, to name but a few. In 
this study, uniform crossover is used because of its simplicity and its potential for increased 
robustness. In the study by Spears and De Jong [162], they have shown that uniform crossover 
performs better than two point crossover in the case of using a small population (population 
=20). The mechanism starts with the selection of two chromosomes at random, and creating a 
crossover mask with the same length of the chromosome. The mask is generated randomly 
with probability of 0.3 to minimize the disruption in the uniform crossover [162]. The parity of 
the bits in the mask indicates which parent will supply the offspring with which bits. Figure 6.2 
shows an example of uniform crossover. Two chromosomes with length of 15 binary bits are 
selected randomly, a mask is created randomly as well, to be used to determine the offspring 1 
and offspring 2 [157]. 
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Each gene in the offspring 1 is created by copying the gen from the parent1 if the 
corresponding gene in the crossover mask is 1 or the gene from parent 2 if the corresponding 
gene in the crossover mask is 0, and vice versa for the offspring 2. 
Parent 1 
Parent 2 
Mask 
Offspring 1 
Offspring 2 
Elitism 
1111111011101110101110111110111 
1011101011101111111011101111101 
1 tl 0 11 11 10 1 0 111;11 11 0 1 01 1 10 11 10 1 
1111111011101110101011111110101 
1011101011101111111110101111111 
Figure 6-2 An example of uniform crossover 
Elitism always copies the best individual to the next generation without any modifications. 
Various researchers have concluded that the elitism scheme plays an essential role in 
preserving the best genes found so far for a specific problem, and has been found to both 
improve the accuracy of optimisation during reproduction and to ensure that good solutions are 
not lost [160]. In this study, elitism scheme is used by copying the best chromosome in the 
current population directly into the next generation. Randomly chosen chromosome from the 
new generation is replaced by the elite chromosome to keep population size constant over 
subsequent generations. 
Mutation 
The mutation operator is a mechanism to introduce new genes (not available in parents) in the 
offspring that already undergo crossover operation, or even to the chromosomes selected to 
the new generation and do not undergo crossover process. This mechanism is performed 
sparingly in binary mutation by flipping the value of the single bits within the chromosome 
132 
Chapter 6 Optimisation and Development of a Thermosyphon System Design Tool 
(strings) i.e. 1 to 0 or vice versa [132]. In our genetic algorithm, the probability is taken about 
1/L, where L is the chromosome length. This means that only one gene per chromosome goes 
through a mutation operation as shown in Figure 6.3. 
Offspring 1 (before) 
Offspring 1 (after) 
Termination criteria 
11 11 11 1 0 11 1 0 11 1 0 10<: 1 0 11 11 11 1 0 1 0 1 
1111111011101110111011111110101 
Figure 6-3 An example of mutation 
The genetic algorithms procedure has no way of knowing if it has arrived at the correct solution 
and must be told when to stop [139]. In genetic algorithms the search process is continuous 
until a desired stopping criterion is reached. These criteria can be a user defined number of 
generations, a predefined value of fitness, or if the population is converged to a single solution. 
In this study, a defined number of generations are used, exactly 1000 generation. A series of 
simulation runs of the optimiser for different design criteria is performed. It has been found that 
the solution obtained for most cases up to 800 generations as shown in Figure 6.5 
Programme code 
The optimisation routine is written in Fortran 90 instructions and compiled by using Intel Visual 
FORTRAN 9.0 as a console file. In the programme writing, a genetic algorithm programme to 
solve unconstrained single objective optimisation problems provided by David Coley [163] is 
used. The programme is upgraded to be capable to solve constrained single objective 
problems by adding and replacing some of its subroutine. The replaced subroutines were 
random generator subroutine, selection subroutine, cross-over subroutine and elitism 
subroutine. While, stochastic ranking subroutine for handling constraints in single optimisation 
problems (and addition of ranking subroutine in the second version of the programme) is 
added. The flowchart of the fundamental procedure of the optimisation routine is shown in 
Figure 6.4. 
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6.8 Thermosyphon System Design Tool 
The final procedure for creating the design tool for direct Thermosyphon solar water heating 
systems is described in this section. The design tool is based on the Modified TRNSYS Model 
described in Chapter 3 and the Genetic algorithm optimisation program (optimiser) described 
here in this Chapter 6, section 6.5. The link between the optimiser and the TRNSYS 
programme will be discussed in this section. 
6.8.1 How the Design Tool Works 
The process starts by running the optimisation program and this, in turn, creates an output file 
containing the values of the design variables of the thermosyphon system in equation format 
(TRNSYS Equations). Once the output file is created, the optimisation program calls TRNSYS 
to run the Modified TRNSYS Model, using the output file as an input to the TRNSYS 
programme. Using the 'include' statement at the beginning of the TRNSYS program allows the 
output files produced by the optimiser to be read and included in the TRNSYS programme. The 
Modified TRNSYS Model, in turn, produces an output file that contains the value of the system 
solar fraction and the value of the temperature to the load, which represents the values of the 
constraint in the optimiser. The output file produced by TRNSYS is then considered as an input 
file to the optimisation program. This process is repeated for each candidate solution in all 
generations until the solution is found as discussed earlier in this chapter. This process is 
illustrated graphically in Figure 6.6. 
The optimisation program records the objective, the constraints and the design parameter 
values of the best solution in each generation in a separate file. In addition, the design tool will 
ask you to provide further information through a dialog box at the beginning of each run in 
order to work out the size of the system required for the case under consideration. In the 
thermosyphon case, the information required is as follows: 
• Number of people in the house 
• Hot water consumption per person per day 
• Hot water temperature delivered to the load 
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No 
Ranking individuals according to 
Stochastic ranking procedure 
Reproduction 
Cross over 
Mutation 
Figure 6-4 Flowchart of fundamental procedures of optimisation routine 
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Rgure 6-5 Shows the solution conversions at different generation numbers 
The computation time for each run was estimated to be about eleven hour using the following 
specification and arrangement of computers: desk-top Pentium 4, 3.0 GHz processor speed. 
Up to ten such computers were used to obtain the results in the time stated above. 
6.8.2 The Aimed (Targeted) Users 
The design tool developed in this study is intended to be used either for the purpose of 
research by engineers involved in designing and improving the performance of thermosyphon 
solar water heaters, or by the manufacturer for the purpose of designing and manufacturing 
new thermosyphon solar water heaters. As a matter of fact, the manufacturer knows exactly 
the prices of each part in the system and hence, this information can be used to produce a cost 
effective thermosyphon solar system design, which is the ultimate goal of this study. 
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output input 
input output 
Program 
Figure 6-6 The flow chart of the thermosyphon system design tool 
6.9. Summary 
This chapter has described the development of the genetic algorithm optimisation programme 
(optimiser) and gives a brief description of the linking between the optimiser and the modified 
TRNSYS model to comprise the design tool. In addition, a brief discussion about evolutionary 
algorithms, handling constraints in constrained optimisation problems, problem formulation, 
and solution technique have also been given. 
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7.1 Introduction 
In Chapter 5, a parametric study for the design parameters of thermosyphon systems assumed 
to be located in Libya was performed. The parametric study showed the influence of each 
design parameter studied on the system performance when the other parameters were kept 
fixed. Whilst giving some indication of the relative influence of some parameters, this does not 
provide an accurate picture of how to choose the optimum design values of the system. 
However, in this section, the effect of changing a number of design parameters simultaneously 
on the system performance will be considered by using the design tool developed during the 
course of this study. The design tool is implemented to find the optimum thermosyphon system 
design for a Libyan family in Tripoli. The following sub-sections will provide details of how to 
use and implement the design tool, as well as present a discussion of the results. 
7.2 Design Parameters 
The system design parameters considered for optimisation are as given in Table 5.1. Thirteen 
parameters were selected to be optimised in this study. It can be seen that the riser diameter 
and connecting pipes diameters are not included in the optimised parameters. These two 
parameters are considered to be fixed information input according to pipe standard sizes. The 
values of these parameters are considered in this study as Dr = 0.008m and Dp = 0.OI8m 
respectively. 
7.3 Design criteria 
Solar fraction, water supply temperature to the user and cost are considered as the design 
criteria in this study as given in section 6.5. Definitely, the optimisation focuses on minimising 
the objective function (cost) and satisfying at least the minimum requirement of the constraints 
(solar fraction and temperature to load). The cost can be calculated in many ways, however, in 
this study the cost of the system is considered to be the cost of the main material content in the 
system. 
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Solar fraction is the first constraint in the optimisation process chosen due to the fact that it is 
very expensive, or impossible, to realize a solar system that can provide 100% of the load from 
solar energy only. Thus, the optimum solar system can be obtained at a different solar fraction. 
Due to the lower demand for hot water in summer and spring seasons in Libya, and to the clear 
sky as well as to the high solar irradiance, the yearly solar fraction might not be the best 
choice. Therefore, the calculation of solar fraction is considered only for the winter and autumn 
seasons (for exactly seven months, from October to April). In fact, the solar system designed 
for the winter and autumn seasons will be more than enough to cover the demand in summer 
and spring seasons as well. 
The second constraint is the temperature to the load. The idea behind choosing this parameter 
as a criterion is to make control of the temperature to the load independent of the set 
temperature of the auxiliary heater provided in the tank of the solar system. By using this 
criterion we can obtain the optimum set temperature of the auxiliary heater, and make sure that 
the desired temperature of the water provided to the user is satisfied. 
7.4 Running the Design Tool 
The following information is required to run the optimisation tool: 
7.4.1 Weather data 
Weather data in the format of a typical meteorological year (TMY2) is used. The weather data 
is processed by using TRNSYS component Type 109 to obtain tilted surface radiation and 
angle of incidence at any surface angle. In this study, the weather data of Tripoli Airport, Libya 
as provided by TRNSYS is used. 
7.4.2 Hot water load pattern and volume 
Hot water load pattern and volume are very important in deciding the size of the system. They 
change from one society to another and from family to another depending on the habits and 
activities of people, and even vary among people in the same community. Unfortunately, the 
typical load pattern for Libyan families is not available. Therefore, a simple load pattern as 
given in Figure 4.8 is used. The daily quantity of hot water withdrawn is taken as 180 litres by 
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considering 60 litres per person per day for a family of three people. Different load 
temperatures and load volumes are also considered in this study. 
7.4.3 Material of the System 
The material and the thermal conductivity of the metals and insulations are given in Table 7.1. 
The optical and thermal properties of the absorber and the cover are given in Table 7.2. 
Table 7-1 System materials and their thermal properties 
Part Material Thermal conductivity 
W/m.K 
Fin and tube Copper 380 
Collector insulation Mineral wool 0.045 
Connecting pipes Copper 380 
Pipe insulation Armaflex 0.036 
Tank material Carbon steel 50 
Tank insulation Polyurethane 0.026 
Table 7-2 The solar optical properties of the absorber and the cover plates 
Part Properties Value 
Absorber Absorptivity 0.95 
Emissivity 0.05 
Cover T ransmissivity 0.905 
Emissivity 0.8 
7.5 Design Tool Results 
The outputs of the design tool are the size and dimensions of the optimum thermosyphon' 
system according to the criteria given in the previous sections. In general, the study seeks to 
find the optimum thermosyphon system design with vertical tank that can provide 180 litres of 
hot water daily at a temperature of 60°C. The results in this chapter are presented as follows. 
The first set of results of the optimum thermosyphon system was based on specific input data, 
and is followed with a discussion about the results and the input data. The second set of results 
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for optimum thermosyphon solar systems is also presented. These results were based on 
slightly different input data, modified according to the discussion of the first set of results. 
The effect of different temperatures to the load: 50, 55 and 60°C, were demonstrated in the 
first set of results. Only the results of 60 °C are repeated in the second set of results to show 
the effect of the input data. Furthermore, the effect of the amount of hot water withdrawn, and 
the optimum thermosyphon system with horizontal tank are also studied. 
Further to the results mentioned above, a sensitivity analysis of the temperature to the load, the 
effect of different load pattern, and finally the results of using addition of ranking as a handling 
constraint scheme compared to stochastic ranking are presented. 
7.5.1 Optimum System Design (Case 1) 
The results of finding the optimum thermosyphon solar water heating systems that can provide 
a household with 180 litres of daily hot water at temperatures of 60, 55 and 50°C according to 
the information given in Table 7.3 and Table 7.4 are discussed in this section. The material 
prices given in Table 7.3 are based on Libyan free market values (they are not taken from the 
manufacturer), while the suggested boundary limits of the design variables are as shown in 
Table 7.4. The results of optimisation are presented in this section. 
Table 7-3 Solar system materials and prices (Case 1) 
Material Prices (£!kg) 
1 Copper 6.9 
2 Carbon steel 1.41 
3 Tempered Glass 1.2 
4 Mineral wool 9.4 (40 kg'm3) 
5 Polyurethane foam 3.27 (32 Kg/m3) 
System A 
The design tool is implemented to find the optimum system design that can provide the 
household with 180 litres of daily hot water at a temperature of 60°C for different solar fraction 
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values. The results of 64 simulation runs are shown in Figure 7.1. The figure represents the 
trade-off curve between the material cost of the system and the solar fraction of the system in 
which the black circular points represent feasible solutions set (dominated solution), and the 
solid line and grey circular points represent the Pareto optimal set (non-dominated solution). 
The feasible solution set is the set of all solutions that do not violate the constraints. Whereas, 
the Pareto optimal set is the non-dominated subset of the feasible set. 
Table 7-4 Design variables of thermosyphon system (Case 1) 
2 Le/We Collector aspect ratio [0.5,2) 0.02 
3 Ne Number of collectors [1,2) 
4 W Fin width (cm) 
5 19ap Gap between cover and absorber plate [2.2,10) 004 
(cm) 
6 Linb Collector back insulation thickness (cm) [2,4) 0.2 
7 Lins Collector sides insulation thickness (m) 
8 [OA*QLoad 
Vt Tank volume (m3) 
1.1*QLoad] 
9 H,ID, Tank aspect ratio 0.1 
10 Ltins Sides insulation thickness (cm) [2,4) 0.2 
11 Ltint Top and bottom insulation thickness 0.2 
(m) 
12 Paux Auxiliary heater power (kJ/hr) 0.2 
13 Tset Auxiliary heater setting temperature [TLoad -5, 0.2 
(CC) T load+5) 
The step change in the figure results from the change from a one collector system to a two 
collector system. This is caused by a condition included in the programme, which states that if 
the area of the collector exceeds 2.2 m2, the area will be divided into two collectors. This 
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condition is mainly for the consideration of handling issues. The value of the condition can be 
changed in the programme if necessary. 
System design parameters of some points in the trade·off curve in Figure 7.1 are given in 
Table 7.5 
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Figure 7·1 The trade-off between the cost and solar fraction of System A: 
QLoad = 180 litres, TLoad = 60 0 C 
System B 
Here, the design tool is implemented to find the optimum design of thermosyphon system that 
can provide the household with 180 litres of hot water at a temperature of 55 QC. The output 
results of the Pareto optimal set are presented in Figure 7.2. About 79 design points were used 
to construct this graph. The design parameters of some design points on the Pareto optimal set 
are tabulated in Table 7.6. 
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Figure 7-2 The trade-off between the cost and solar fraction of System B: 
QLoad = 180 litres, TLoad = 55 'c 
System C 
In this case, the possible optimum designs of thermosyphon systems which are designed to 
provide the household with 180 litres of hot water at temperature of 50 QC for different solar 
fraction values are obtained. Figure 7.3 shows the Pareto optimal solution obtained from 61 
simulation runs and Table 7.7 presents the values of the optimal design parameters of some 
design points on the Pareto optimal set for different solar fractions. 
Results Discussion 
Systems A, Band C are designed to provide a household with 180 litres of hot water at 
different draw-off temperatures. The idea behind generating Figures 7.1-7.3 is to see the effect 
of the draw-off temperature on the size and the cost of the system. Figure 7.4 shows the shape 
of the Pareto optimal design of systems A, Band C. In general, it is clear that in the case of a 
one collector system at different load temperatures the solar fraction of the system increases 
sharply against a gradual increase in the system cost. However, in the case of a two collector 
system, a small increase in solar fraction is accompanied with a relatively high increase in the 
system cost. In other words, at high solar fractions or at high load temperatures, the system is 
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quite costly. This can be attributed to the low solar irradiance intensity, and hence large areas 
required to cover the load demand. Designers should be able to identify the ultimate cost-
effective solar fraction value that can be achieved in any particular situation. For instance, in 
Figure 7.2 it is worthless to design a system that can provide a solar fraction of 95% or more. 
It can be seen from Figure 7.4 that, the increase in the system cost due to a change in the 
temperature of the load becomes more obvious at high solar fractions. For instance, at a solar 
fraction of 0.91, the increase in cost for draw-off temperatures from 55 to 60 QC (237-192:45) 
is nearly 1.5 times the increase of the cost from 50 to 55 QC (304-273:31). 
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Figure 7-3 The trade-off between the cost and solar fraction of System C: 
QLoad = 180 litres, TLoad = 50 0 C 
Delivering hot water to the load at higher temperatures requires bigger collector areas. It is 
clear from Tables 7.5 to 7.7 that, for a 2.2 m2 collector area (one collector system), a 65% solar 
fraction is obtained when the temperature to the load is equal to 60 QC, and 70% solar fraction 
is also obtained when the temperature to the load is 55 QC, while as much as 80% is obtained 
for the case of hot water delivered to the load being only 50 QC. Therefore, choosing the 
appropriate temperature to the load is very important. 
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In addition, the following further findings can be concluded from Tables 7.5 to 7.7. The size of 
the tank is dependent strongly on the required solar fraction and the area of the collector. The 
tank volume should be equal to or greater than the quantity of hot water drawn daily from the 
system only at solar fractions higher than 90% in this particular case. 
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Figure 7-4 Pareto optimal fronts of system A, Band C 
The gap between the absorber plate and the glazing cover (Lgap) converges to the lowest limit 
inputted into the design tool. It is thought this can be explained from Figure 2.5. Here, this 
value lies somewhere near to point 'a' in Figure 2.5, which satisfies both low heat loss and less 
cost, whereas point 'c' satisfies low heat loss but at a slightly higher cost. However, Figure 7.5 
is generated using the Modified TRNSYS model (MM) for System A at the design point with a 
60% solar fraction (Table 7.3) in order to demonstrate the effect of the gap on the system 
performance without considering the cost. It is clear that Lgap = 0.022 m gives nearly the 
minimum solar fraction which is contrary to expectations. This could be attributed to the fact 
that, increasing the gap between the absorber and the cover will increase the casing 
dimensions and the insulation size. Hence, the cost incurred from increasing the insulation and 
casing sizes is more significant than the increase in the solar fraction which might be achieved 
by improving other design parameters that are of lower cost. 
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The insulation thickness values of the back and sides of the collector also converge to the 
minimum limit for most designs. In fact, this is because the insulation price is relatively 
expensive (in Libya) compared to the other materials used in the system. Hence, it always 
tends to the minimum thickness to minimize the cost. 
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Figure 7-5 The effect of the gap between the absorber and cover on system performance 
The auxiliary heater setting temperature is strongly related to the tank size. For instance, small 
tanks require a higher setting temperature relative to the draw off temperature. It can be 
noticed from Tables 7.5 - 7.7 that if the tank volume is less than the daily drawn-off quantity, 
then the setting temperature of the auxiliary heater is always greater than the required user 
temperature. However, when the tank volume is bigger than the daily drawn-off quantity, the 
setting temperature of the auxiliary heater can be less than the required user temperature. 
It is observed that the same system performance and cost with different system configuration 
(different design parameters) can be realized as shown in Table 7.8. In both cases, three 
different design configurations were obtained for each case. It can be seen clearly from the 
Table 7.8 that the main differences are in the aspect ratios of the collector and tank, collector 
area, number of risers, distance between risers, and immersion heater maximum power. This 
gives an opportunity to differentiate between different designs from the point of view of 
manufacturing ability and aesthetic factors. 
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Table 7-5 System design parameters System A: (QLoad = 180 litres, Tl.oad = 60 0 C) 
Generation no 997 1000 1000 998 991 1000 1000 993 999 1000 998 
Cost (£) 106.45 112.57 122.54 127.21 140.39 161.84 188.20 201.51 217.39 244.30 293.93 
SF 0.401 0.450 0.500 0.550 0.601 0.650 0.700 0.751 0.801 0.850 0.900 
Tload CC) 59.00 59.05 59.03 59.03 59.05 59.02 59.06 59.03 59.02 59.10 59.02 
Ac (m
2 ) 1.610 1.590 1.743 1.895 2.162 2.200 1.542 1.697 1.852 2.123 2.200 
VI (111
3) 0.088 0.096 0.117 0.117 0.105 0.137 0.122 0.138 0.143 0.159 0.190 
HID 2.135 2.419 2.348 2.206 2.632 1.142 2.348 2.065 2.065 2.703 2.987 
W (m) 0.147 0.117 0.119 0.122 0.124 0.090 0.125 0.131 0.118 0.125 0.095 
Nr 10 12 13 13 15 20 13 13 14 16 17 
Lgap (m) 0.022 0.022 0.022 0.124 0.022 0.030 0.022 0.022 0.022 0.022 0.030 
Paux (kJ / hr) 11937 12825 15492 15238 8381 15619 8254 9651 9778 13714 14857 
LlW 0.689 0.736 0.677 0.677 0.583 0.642 0.547 0.547 0.630 0.500 0.783 
Noc 1 1 1 1 1 1 2 2 2 2 2 
Linb (m) 0.0200 0.0213 0.0200 0.0200 0.0253 0.0307 0.0200 0.0200 0.0200 0.0200 0.0307 
Lins (m) 0.0100 0.0100 0.0100 0.0100 0.0100 0.0127 0.0100 0.0100 0.0100 0.0100 0.0140 
Ltin (111) 0.0387 0.0400 0.0400 0.0387 0.0400 0.0400 0.0400 0.0400 0.0400 0.0400 0.0400 
Ltinb (m) 0.0360 0.0400 0.0360 0.0400 0.0387 0.0400 0.0360 0.0387 0.0400 0.0400 0.0387 
Tset ("C) 64 64 62 62 64 61 62 61 61 61 60 
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Table 7-6 System design parameters System B (QLoad = 180 litres, TLoad = 55 0 C) 
Generation no 1000 931 695 1000 1000 1000 1000 1000 1000 1000 1000 
Cost (£) 96.78 106.45 119.48 123.20 130.86 142.24 180.91 191.56 203.72 231.73 ·264.69 
SF 0.450 0.500 0.551 0.602 0.650 0.700 0.750 0.800 0.851 0.901 0.950 
T10ad CC) 54.04 54.05 54.03 54.11 54.05 54.01 54.03 54.17 54.02 54.08 54.00 
Ac (m 2 ) 1.343 1.610 1.914 1.781 2.086 2.200 1.619 1.610 1.619 1.929 2.200 
Vt (m 3 ) 0.088 0.090 0.090 0.117 0.096 0.120 0.127 0.117 0.164 0.180 0.198 
HID 1.639 1.710 2.135 2.419 1.852 1.923 1.710 2.206 2.135 1.852 1.284 
W (m) 0.125 0.150 0.146 0.125 0.118 0.113 0.173 0.125 0.113 0.119 0.113 
Nr 10 11 13 12 15 15 10 13 13 16 18 
Lgap (m) 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.025 
Paux (kJ / hI') 13841 9016 8381 12952 13206 15873 12952 9143 12952 10032 12190 
Llw 0.783 0.547 0.500 0.736 0.618 0.713 0.500 0.571 0.689 0.500 0.500 
Noe 1 1 1 1 1 1 2 2 2 2 2 
Linb (m) 0.020 0.020 0.020 0.020 0.020 0.021 0.020 0.020 0.020 0.020 0.025 
Lins (m) 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 
Ltin (m) 0.0387 0.0387 0.0360 0.0400 0.0400 0.0400 0.0387 0.0387 0.0400 0.0400 0.0400 
Ltinb (m) 0.0387 0.0360 0.0333 0.0360 0.0360 0.0400 0.0360 0.0387 0.0400 0.0387 0.0387 
Tset (C) 57 57 57 57 57 56 56 57 55 55 53 
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Table 7-7 System design parameters System C: (QLoad = 180 litres, TLoad = 50 • C) 
Generation no 934 1000 1000 999 1000 1000 1000 1000 1000 1000 
Cost (£) 94.41 101.04 105.84 118.34 124.18 132.16 146.81 172.29 186.64 220.27 
SF 0.500 0.551 0.600 0.650 0.701 0.751 0.800 0.850 0.900 0.950 
TIoad CC) 49.03 49.07 49.03 49.10 49.14 49.08 49.03 49.01 49.12 49.02 
Ac (m 2 ) 1.419 1.610 1.686 1.762 1.800 2.084 2.200 1.286 1.514 1.852 
Vt (m3 ) 0.072 0.072 0.076 0.117 0.117 0.117 0.122 0.161 0.159 0.180 
HID 1.497 1.426 1.568 1.852 1.852 2.135 2.703 1.497 1.568 1.000 
W (m) 0.143 0.148 0.149 0.145 0.118 0.151 0.110 0.126 0.142 0.122 
Nr 10 9 10 11 15 13 16 12 10 14 
Lgap (m) 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022 
Paux (kJ / hr) 9778 11429 13460 10794 12317 9270 8254 14222 11556 13460 
LIW 0.642 0.831 0.701 0.642 0.535 0.512 0.665 0.524 0.689 0.594 
Noc 1 1 1 1 1 1 1 2 2 2 
Linb (m) 0.020 0.020 0.021 0.020 0.020 0.020 0.021 0.020 0.021 0.020 
Lins (111) 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010 
Ltin (111) 0.0400 0.0400 0.0400 0.0387 0.0400 0.0400 0.0400 0.0400 0.0387 0.0373 
Ltinb (111) 0.0360 0.0373 0.0387 0.0360 0.0360 0.0360 0.0373 0.0400 0.0373 0.0400 
Tset eC) 52 52 52 51 51 51 51 50 50 48 
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Table 7-8 Thermosyphon Systems with different design parameter and relatively the same cost 
System System A System B 
Gen 1000 1000 998 1000 1000 1000 
Cost 107.10 107.11 107.30 122.32 122.87 123.33 
SF 0.401 0.401 0.400 0.600 0.602 0.601 
Tload 59.06 59.14 59.26 54.04 54.11 54.10 
Dp 0.018 0.018 0.018 0.018 0.018 0.018 
Ac 1.457 1.619 1.619 1.876 1.781 1.929 
Vt 0.113 0.117 0.117 0.090 0.117 0.117 
HID 2.277 2.135 1.994 2.135 2.419 2.490 
W 0.122 0.174 0.201 0.126 0.125 0.167 
Nr 11 10 8 13 12 10 
Lgap 0.022 0.022 0.022 0.022 0.022 0.022 
Paux 8254 14603 9651 15873 12952 8508 
UW 0.736 0.500 0.583 0.654 0.736 0.642 
Noc 1 1 1 1 1 1 
Linb 0.020 0.020 0.020 0.023 0.020 0.020 
Lins 0.010 0.010 0.010 0.010 0.010 0.010 
Ltin 0.0400 0.0360 0.0373 0.0387 0.0400 0.0400 
Ltinb 0.0400 0.0333 0.0347 0.0387 0.0360 0.0373 
Tset 62 62 62 58 57 57 
7.5.2 Optimum System Design (Case 2) 
Discussion of the previous results of the optimum thermosyphon system designs has 
highlighted some issues regarding the boundaries of the design variables and material prices. 
To show the effect that material prices can have on the optimum designs, Table 7.9 gives a 
new set of prices of materials to be used in this section. It is clear that the only difference 
between the prices of the previous section (Table 7.3) and the current section (Table 7.9) is the 
insulation price of the collector. This change of insulation price reflects the high price of 
insulation material in Libya, which results from the fact that there is no utilisation of any sort of 
151 
Chapter 7 Design Tool Implementation 
insulation in the Libyan market. The lower price of insulation in Table 7.9 reflects a more usual 
worldwide cost, and serves to illustrate its effect on optimised designs. 
The boundary limits of the design variables have also been changed, the new values are 
shown in Table 7.10. These changes resulting from the observation of the previous results in 
section 7.5.1. For instance, the upper limits of the insulation thickness of the collector and tank 
are increased because most of the pervious results tends to the upper limit. 
Table 7·9 Solar system material and prices (Case 2) 
Material Prtces (£/kg) 
1 Copper 6.9 
2 Carbon steel 1.41 
3 Tempered Glass 1.2 
4 Mineral wool 1.89 (40 kg/m3) 
5 Polyurethane foam 3.27 (32 Kg/m3) 
The result of the optimum design of thermosyphon system that can provide 180 litres of hot 
water at a temperature of 60°C is presented in this section and compared with the results in 
Case 1. In addition, the optimum system design with a horizontal tank and optimum system 
design that can provide 240 litres of hot water at 60 °C are also discussed in this section. 
System A1 
The possible optimum design that can provide 180 Litres of hot water at 60°C is obtained. The 
results of the Pareto optimal set obtained from 71 simulation runs are shown in Figure 7.6 and 
the values of the design parameters of some design points are also given in Table 7.11. 
Comparing the results of System A and System A1 where both are the optimum designs to 
provide 180 litres of hot water at 60°C, but with different input information regarding insulation 
prices and bound limits of the design variables as given in Table 7.4 and Table 7.10, 
respectively, is shown in Figure 7.7. 
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Table 7-10 Design variables of thermosyphon system (Case 2) 
Ae Collector Gross area (m2) [1 ,2.2] 0.025 
2 Le/We Collector aspect ratio [0.5,2] 0.02 
3 Ne Number of collectors [1 ,2] 1 
4 W Fin width (cm) [9,20] 0.5 
5 !.gap Gap between cover and absorber plate (cm) [1.5,10] 0.4 
6 Linb Collector back insulation thickness (cm) [2,5] 0.2 
7 Lins Collector sides insulation thickness (m) [1,4] 0.2 
8 Tank volume (m3) [O.4*OLoad 0.005 
1.5*OLoad] 
9 H(/D( Tank aspect ratio [1,3.2] 0.1 
10 Ltins Sides insulation thickness (cm) [2,5] 0.2 
11 Ltint Top and bottom insulation thickness (m) [2,5] 0.2 
12 Paux Auxiliary heater power (kJ/hr) [8, 1 0.2 
13 Tset Auxiliary heater setting temperature (OC) [TLoad -5 , 0.2 
TLoad+5] 
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Figure 7-6 The trade-off between the cost and solar fraction of System A 1 
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Some essential cost savings were obtained due to the changes made especially in the two 
collector system design because the latter contains more materials than a one collector 
system. This actually confirms the importance of the accuracy of the input information and the 
bound limits of the design variables. 
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Figure 7-7 Pareto optimal fronts of System A and System A 1 
Horizontal tank system (System A2l 
210 
Thermosyphon water heaters with horizontal tanks are very popular and better-looking than 
vertical tank systems and are relatively easier to be fitted in tilted roofs. The previous results 
only examined the optimality of vertical tank systems for providing 180 litres of hot water at 60 
QC. However, in this section, the optimum design of a thermosyphon system with a horizontal 
tank is sought. The trade-off curve between the solar fraction and the system cost from 50 
simulation runs is shown in Figure 7.8. Some of the design points on the Pareto optimal set are 
given in Table 7.12. 
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Table 7-11 System design parameters System A 1 (QLnad = 180 litres, TLoad = 60 • C) 
Generation no 1000 998 1000 1000 1000 1000 1000 1000 973 444 
Cost (£) 96.25 101.53 108.95 117.49 123.37 136.64 158.82 168.89 177.20 199.63 
SF 0.400 0.450 0.500 0.550 0.600 0.650 0.700 0.730 0.761 0.806 
l10ad CC) 59.71 59.71 59.71 59.71 59.71 59.70 59.71 59.70 59.70 59.70 
Ae (m 2 ) 1.610 1.610 2.010 1.990 2.162 2.200 1.457 1.457 1.700 1.813 
Vt (m3 ) 0.133 0.133 0.133 0.150 0.133 0.154 0.186 0.213 0.215 0.234 
HID 1.142 1.071 1.071 1.142 1.000 1.284 1.284 1.568 1.568 1.000 
W (111) 0.199 0.146 0.198 0.150 0.147 0.120 0.152 0.150 0.188 0.147 
Nr 5 8 5 8 8 11 6 6 6 12 
Lgap (m) 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 
Paux (kJ / hr) 12571 11937 14476 11937 9143 12317 13079 11429 14984 13968 
L/W 1.445 1.067 1.823 1.256 1.409 1.161 1.551 1.587 1.209 0.547 
Noe 1 1 1 1 1 1 2 2 2 2 
Linb (m) 0.022 0.028 0.022 0.028 0.036 0.036 0.024 0.032 0.026 0.020 
Lins (m) 0.010 0.010 0.010 0.010 0.012 0.018 0.010 0.010 0.010 0.018 
Ltin (m) 0.0373 0.0373 0.0360 0.0373 0.0400 0.0400 0.0440 0.0480 0.0480 0.0480 
Ltinb (m) 0.0320 0.0400 0.0380 0.0440 0.0380 0.0480 0.0420 0.0420 0.0460 0.0460 
Tset eC) 63 64 64 64 64 64 64 64 64 63 
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A comparison between vertical and horizontal tank systems is shown in Figure 7.9. It is clear 
from the comparison that vertical tank systems outperform horizontal tank systems for the 
same system prices, and therefore, wherever possible, it is advisable to use vertical tank 
systems rather than horizontal tank systems. 
System D 
The previous runs were performed to obtain optimum thermosyphon system designs to provide 
180 litres of daily hot water at different load temperatures. However, for the next test, an 
optimum system design that can provide 240 litres of daily hot water at a load temperature of 
about 60°C is sought. The results obtained for the optimum design of the thermosyphon 
system for 240 litres is shown in Figure 7.10, where 48 resulting points were used to construct 
the graph. The values of the optimum design parameters of some points in the Pareto optimal 
set are given Table 7.13. 
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Figure 7-1 0 the trade-off between the cost and solar fraction of System 0 
It can be seen clearly from Figure 7.11 that the shape of the Pareto optimal set of System A 1 
and System D has nearly the same trend. This is expected because of the weather condition, 
load pattern and the fact that the temperature to the load is the same. The only difference is the 
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amount of daily hot water withdrawn from the system which obviously requires a bigger system 
size. 
Table 7-12 Some design pOints of the horizontal tank thermosyphon system 
Generation no 352 1000 483 997 324 999 
Cost C£) 115.15 126.16 136.11 148.42 167.66 205.18 
SF 0.480 0.551 0.600 0.650 0.701 0.777 
Tload CC) 59.70 59.71 59.70 59.70 59.70 59.70 
Ae Cm 2 ) 1.762 2.143 2.181 2.200 1.457 1.571 
Vt Cm3 ) 0.142 0.186 0.167 0.178 0.229 0.270 
HID 2.135 1.284 1.710 1.426 1.000 1.000 
w Cm) 0.151 0.199 0.147 0.139 0.145 0.166 
Nr 8 5 9 11 8 9 
Lgap Cm) 0.015 0.015 0.015 0.040 0.015 0.023 
Paux CkJ / hr) 14349 8508 9143 10667 15492 12952 
LIW 1.091 1.917 1.138 0.866 0.984 0.654 
Noe 1 1 1 1 2 2 
Linb Cm) 0.038 0.028 0.038 0.044 0.024 0.050 
Lins Cm) 0.010 0.010 0.016 0.026 0.010 0.024 
Ltin Cm) 0.0500 0.0440 0.0500 0.0480 0.0440 0.0480 
Ltinb Cm) 0.0440 0.0440 0.0460 0.0480 0.0480 0.0460 
Tset eC) 64 64 65 65 64 65 
7.6 Sensitivity Analysis 
There are many findings that have been noted during the running of the design tool as well as 
from the analysis of the results. Some of which are addressed in this section. 
7.6.1 Temperature to the load 
The temperature to the load is one of the constraints used in the design tool of this study. In the 
Modified TRNSYS Model, as well as in the Original TRNSY Model, the following settings and 
measuring temperatures are used: 
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Tload: is the temperature to the load (to the user), the temperature of the mixed fluid leaving the 
tee piece as shown in Figure 3.13. Therefore, this temperature is used as a constraint to allow 
the Tset to vary between the limits given in Table 7.10. 
Tset: is the set temperature of the auxiliary heater in the storage tank. In this study, Tset is 
considered as a design variable to see its effect on the system performance. 
Tdiv: is the diverter control temperature, the temperature at which the heat source flow stream is 
to be kept the same at all times. The source heat flow stream temperature will be kept at or 
below that temperature by the diversion of cooler water from the inlet of the heat source to a 
mixing component inlet at the exit of the heat source [27]. 
In fact, T div and Tload are physically the temperature at the same point, but the difference is that 
Tload is a design point and Tdiv is the actual temperature that the user would get. 
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In other words, during the running of the programme, if we set the diverter control temperature 
at 60°C for example, and by observing the average monthly or yearly load temperature (the 
water outlet temperature from the diverter Tdiv) you will find it is always less than 60°C, 
Therefore, if we put the temperature to the load as equal to the diverter temperature, then the 
159 
Chapter 7 Design Tool Implementation 
solution will never be obtained. In this case, a tolerance temperature (!::"T) should be 
considered. In the previous results, a tolerance of 1 °C and 0.3 °C are used . 
. Table 7-13 Some of the design points of thermosyphon system (System D) 
Generation no 1000 1000 187 1000 186 1000 1000 
Cost (£) 122.96 130.51 147.23 164.70 180.46 191.35 218.43 
SF 0.443 0.490 0.550 0.610 0.661 0.701 0.760 
Tload CC) 59.71 59.70 59.72 59.70 59.70 59.70 59.70 
Ae (m 2 ) 1.990 2.143 2.200 1.476 1.533 1.914 2.067 
Vt (m3) 0.190 0.190 0.204 0.190 0.226 0.248 0.335 
HID 1.000 1.071 1.071 1.071 1.142 1.213 1.000 
W (m) 0.149 0.147 0.122 0.143 0.139 0.197 0.175 
Nr 8 9 10 7 7 5 7 
Lgap (m) 0.015 0.015 0.015 0.015 0.015 0.015 0.015 
Paux (kJ / hr) 15111 9524 9270 10921 14857 10667 14857 
LlW 1.268 1.126 1.350 1.303 1.445 1.752 1.256 
Noe 1 1 1 2 2 2 2 
Linb (m) 0.024 0.028 0.040 0.026 0.036 0.024 0.026 
Lins (m) 0.010 0.010 0.018 0.012 0.012 0.010 0.010 
Ltin (m) 0.0380 0.0420 0.0480 0.0460 0.0480 0.0420 0.0440 
Ltinb (m) 0.0360 0.0440 0.0500 0.0480 0.0460 . 0.0440 0.0480 
Tset ("C) 63 64 64 65 64 64 64 
Effect of temperature tolerance 
The effect of the temperature tolerance on the system design parameters and system 
performance is investigated with temperature tolerance values of 1.0, 0.8, 0.6 , 0.4 and 0.25 
DC, respectively, and the results are shown in Table 7.14 
The results of Table 7.14 are for the optimum thermosyphon system that can provide 180 litres 
of hot water at 60°C for only one design point of 60% solar fraction. This means that the 
diverter temperature is controlled at 60°C whereas the calculated temperature to the load is 
given in Table 7.14. The results shown in Table 7.14 are the optimum design outputs of six 
runs to the same design point, the full results are given in Table 8-1 to Table 8-5 in Appendix 
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B. It is obvious from Table 7.14 that the smallest tolerance value is the most costly system but 
gives the better performance. 
Table 7-14 The effect of temperature to the load on system design variable and perfonmance 
Generation no 1000 1000 1000 1000 995 
Cost (£) 110.17 111.61 115.67 119.80 128.82 
SF 0.600 0.600 0.600 0.600 0.600 
~T CC) 1.0 0.8 0.6 0.4 0.25 
Tload CC) 59.03 59.23 59.45 59.62 59.75 
Ac (m 2 ) 2.200 2.029 2.143 2.181 2.143 
Vt (m3 ) 0.080 0.098 0.115 0.133 0.159 
HID 1.781 2.065 1.284 1.355 1.142 
w (m) 0.174 0.176 0.151 0.172 0.168 
Nr 6 6 9 6 6 
Lgap (m) 0.015 0.015 0.015 0.015 0.015 
Paux (kJ I hr) 15873 10540 11683 15873 12190 
LIW 1.811 1.634 1.067 1.823 1.882 
Noe 1 1 1 1 1 
Linb (m) 0.028 0.036 0.024 0.028 0.034 
Lins (m) 0.010 0.010 0.010 0.010 0.018 
Ltin (m) 0.0480 0.0500 0.0480 0.0480 0.0400 
Ltinb (m) 0.0440 0.0420 0.0400 0.0360 0.0500 
Tset ("C) 64 64 63 64 64 
It can be seen from the previous table (Table 7.14) that the difference in the system cost due to 
the difference in the temperature tolerance values varies from £1.44 (111.61-110.17=1.44) to 
£18.65 (128.82-110.17=18.65) with respect to the smallest cost. Actually, it represents quite a 
big difference because these values (Le. £1.44 to £18.65) do not represent the actual value of 
the money, but instead represents an index to differentiate between different designs in terms 
of the cost of the main material of the system whilst considering the cost of labour, 
manufacturing and company profit. 
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It can be seen from Figure 7.6 and Table 7.11 the difference in cost of the optimum designed 
systems that can provide 55% and 60 % hot water from solar energy is nearly £6. The 
difference in cost value of systems that can provide 60% to 65% of the required hot water from 
solar energy is more than £13. This exactly demonstrates the magnitude of the effect of the 
temperature tolerance on the system design and its performance. 
On the other hand, the increase in the cost of the systems due to reducing the temperature 
tolerance value in Table 7.14 is compensated by an increase of the energy provided to the 
user. For instance, the increase in daily energy provided to the user at the temperature to the 
load at 59.75 °C (last column in Table 7.14) and 59.03 °C (first column) is about 150 KWh/day, 
which represent 2% of the total daily energy provided. The accompanied increase in the cost is 
more than 16%. 
Apparently, only 2% increase in the energy provided by the system requires an extra one sixth 
of the original cost so as to be considered a huge cost for only a very small improvement in the 
system performance which is obviously unnecessarily. However, are both cases of low and 
high temperature tolerance values sensible? The following paragraph will examine the optimum 
system for the case of removing the control over the load temperature. 
Unconstrained temperature to the load 
At this time, the optimisation tool examined the design for the case of putting no constraint on 
the temperature to the load. In other words, the objective function is only constrained by the 
solar fraction. However, the auxiliary set temperature in this case is kept fixed and taken as 60 
DC. The optimisation tool is run to find the optimum thermosyphon system that can provide 180 
litres of hot water at 60°C for a single solar fraction of 60% (System A3) and the results are 
shown in Table 7.15. The results show that the temperature to the load is dropped to as low as 
56.26°C in the best optimum system design of six runs. This can be explained by the fact that 
the design tool will search for the minimum cost that satisfies the constraints which in this case 
is only the solar fraction. Therefore, the minimum temperature to the load will satisfy minimum 
cost, although will not serve the idea behind the optimisation. Certainly, this highlights the 
importance of putting a constraint on the temperature to the load to ensure the desired 
temperature to the load is obtained. 
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Table 7-15 System design parameters of System A3 
Generation no 1000 1000 168 1000 1000 1000 
Cost (£) 102.63 101.91 103.28 102.68 107.48 102.89 
SF 0.600 0.600 0.601 0.600 0.600 0.600 
Tload CC) 56.49 56.26 56.39 56.17 56.16 56.32 
Ac (m2 ) 1.895 1.952 1.914 2.067 2.105 2.048 
Vt (m 3 ) 0.063 0.063 0.063 0.063 0.063 0.063 
HID 2.703 2.987 2.845 3.129 3.129 2.916 
w (m) 0.151 0.162 0.150 0.196 0.174 0.177 
Nr 7 6 8 5 6 6 
Lgap (m) 0.015 0.015 0.015 0.015 0.015 0.015 
Paux (kJ / hr) 11556 14730 8889 13587 9778 15746 
LfW 1.516 1.823 1.209 1.917 1.728 1.634 
Noe 1 1 1 1 1 1 
Linb (m) 0.036 0.030 0.036 0.028 0.032 0.028 
Lins (m) 0.012 0.010 0.012 0.010 0.012 0.010 
Ltin (m) 0.0480 0.0480 0.0460 0.0480 0.0480 0.0500 
Ltinb (m) 0.0440 0.0500 0.0380 0.0440 0.0480 0.0400 
Tset (0C) 60 60 60 60 60 60 
Eliminating cold water mixing devices 
The temperature tolerance only occurs due to the mechanism of the diverter and the tee piece. 
In fact, using these latter two devices is mainly to simulate the reality of using hot water 
systems domestically, and to consider the water temperature exceeds the setting point 
temperature. In this part of the work, changes to the Modified TRNSYS Model are made by 
eliminating the diverter and tee piece from the (MM) model as shown in Figure 7.12. In this 
case, no mixing with cold water will occur; therefore, the temperature to the load will be defined 
only by the upper zone temperature of the storage tank and might be higher than the required 
temperature as no mixing with cold water occurs. 
The results in this part of the study were obtained for a system that can provide 180 litres of 
daily hot water at 60°C (System A4). The output resuits of the optimisation tool are 
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represented in the trade-off curve between the system cost and the solar fraction as shown in 
Figure 7.13. Some of the design points on the trade-off curve are given in Table 7.16. 
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Figure 7-12 Schematic diagram for Modified TRNSYS Model without diverter and tee piece. 
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Table 7-16 Some of the design points on the Pareto optimal set of System A4 
Generation no 900 1000 1000 860 948 950 1000 1000 1000 939 974 1000 
Cost (£) 86.39 93.19 102.59 108.44 113.42 131.68 144.18 150.98 160.98 173.07 188.17 222.10 
SF 0.400 0.451 0.521 0.550 0.590 0.650 0.690 0.750 0.810 0.851 0.900 0.950 
l10ad CC) 60.00 60.04 60.02 60.07 60.03 60.49 60.01 60.02 60.01 60.19 61.14 66.42 
Ac (m 2 ) 1.610 1.800 2.143 2.162 2.162 2.200 1.610 1.610 1.686 1.762 1.800 2.181 
Vt (m3 ) 0.063 0.063 0.063 0.063 0.076 0.133 0.093 0.098 0.120 0.133 0.172 0.194 
HID 1.710 1.284 2.277 2.135 2.065 2.065 1.426 1.852 1.852 2.135 1.994 1.994 
w (m) 0.175 0.187 0.199 0.147 0.151 0.120 0.199 0.176 0.176 0.187 0.141 0.150 
Nr 5 5 5 7 7 11 5 5 5 5 7 7 
Lgap (m) 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 
Paux (kJ / hr) 8635 9270 8762 8381 13460 10667 14349 10921 13587 14730 12063 10540 
LIW 1.835 1.823 1.917 1.823 1.728 1.161 1.445 1.823 1.917 1.776 1.646 1.776 
Noe 1 1 1 1 1 1 2 2 2 2 2 2 
Linb (m) 0.028 0.036 0.028 0.030 0.036 0.028 0.024 0.028 0.028 0.036 0.028 0.036 
Lins (m) 0.010 0.010 0.010 0.010 0.010 0.014 0.010 0.010 0.010 0.010 0.012 0.014 
Ltin (m) 0.0480 0.0480 0.0440 0.0440 0.0500 0.0500 0.0380 0.0400 0.0420 0.0500 0.0500 0.0500 
Ltinb (m) 0.0400 0.0440 0.0360 0.0460 0.0480 0.0480 0.0420 0.0400 0.0420 0.0500 0.0460 0.0400 
Tset eC) 64 62 63 62 61 62 56 55 55 55 55 55 
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It can be seen from Table 7.16 that the temperature to the load is always greater than 60°C, 
and the temperature even reaches to 66.42 °C at a solar fraction of 0.95. In the mean time, the 
auxiliary heater's maximum temperature setting decreases as the solar fraction of the system 
increases. It can be noticed from Table 7.16 as well, that the setting point temperature of the 
auxiliary heater 55°C is the lowest bound given to the programme. This might explain the 
increase of the temperature to the load over 60 cC. Figure 7.14 shows the comparison 
between System A4 and System A 1. It can be seen that for the same system solar fraction, 
System A 1 has a higher initial cost than System A4. This is because of the difference in 
temperature to the load provided in both cases, the lower the temperature to the user, the 
cheaper is the system. 
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Figure 7-14 Comparison of Pareto optimal fronts of System A 1 and System A4 
7.7 Effect of load pattern 
As mentioned in the literature review in chapter two, the hot water load pattern has an 
important influence on the thermosyphon system performance. Therefore, it is worth 
investigating this effect on the system design parameters by utilizing different load patterns. 
Defining the load pattern at the design stage of the thermosyphon system could improve the 
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system design and performance significantly. In this section, two additional load patterns are 
tested to demonstrate the effect of the load pattern on the system design and hence the 
performance. Morning and evening load patterns are used. The morning pattern is -denoted 
here as 'pattern l' and is shown in Figure 7.15a. The simple load pattern used in this study is 
denoted as 'pattern 2' and is shownO in Figure 4.8, and the evening load pattern is denoted 
here as 'pattern 3' and shown in Figure 7.15b. Table 7.17 shows the results of the optimum 
system design among six runs for the same solar fraction of 60% and 65% for different load 
patterns. The full results are listed in Table C-1 to Table C-6 in Appendix C. 
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It is clear from Table 7.17 that there is an important effect of the load pattern on the system 
size and cost. For the same quantity of hot water withdrawn (180 litres) from the system at the 
same load temperature 60°C, the morning load requires a bigger system than the other load 
patterns. The most affected of the design parameters is the tank volume, a relatively big tank 
volume being required for the morning and the evening load patterns. In fact, drawing off the 
same quantity of hot water in a shorter period of time (Le. over a morning or evening period) 
requires a bigger tank volume than in the case of distributing the quantity over a longer period 
(Le. over a day). This could be attributed to the fact that in the morning or evening period, a 
bigger tank volume is required to benefit from the whole period of sunshine, in that enough 
water can be heated up and thus kept for the later period of use. In the case of load pattern 2 
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(all day load pattern), even a relatively small tank volume is enough to provide the required hot 
water due to the benefit of the longer period of sunshine. 
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This is a very good example for demonstrating the interaction between the usage data and the 
design parameters of the system. 
7.8 Addition of Ranking Approach 
In the previous sections, the handling constraints procedure used for the optimisation 
programme (optimiser) to solve the single optimisation problem of the thermosyphon solar 
water heating system is the stochastic ranking procedure. However, in this section an Addition 
of Ranking procedure is used instead of the stochastic ranking procedure, and the new version 
of the programme (optimiser) is used here for the purpose of comparison. Figure 7.16 shows 
the output results of a system that can provide 180 litres of daily hot water at 60 QC (System 
AS). 
The value of some of the design parameters on the Pareto optimal set are given in Table 7.18. 
Figure 7.17 shows the comparison of the Pareto optimal sets for the optimum thermosyphon 
system design obtained by using stochastic ranking and by the addition of ranking procedures. 
The graph shows clearly good agreement between both results, meaning that addition of 
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ranking is also a promising handling procedure, especially because it is very easy to 
implement. 
Table 7-17 System design pOints at different load patterns 
Pattem 1 Pattern 2 Pattern 3 
Generation no 997 965 m 995 992 1000 
Cost (£) 150.39 176.66 122.85 135.80 132.24 172.02 
SF 0.601 0.652 0.602 0.650 0.600 0.651 
Tload CC) 59.70 59.70 59.70 59.70 59.70 59.70 
Ac (m 2 ) 2.181 1.476 2.143 2.181 1.819 1.345 
Vt (m3 ) 0.267 0.270 0.142 0.164 0.208 0.270 
HID 1.000 1.000 1.213 1.284 2.135 1.568 
w (m) 0.146 0.151 0.150 0.126 0.138 0.167 
Nr 8 8 8 9 7 5 
Lgap (m) 0.015 0.015 0.015 0.015 0.015 0.015 
Paux (kJ / hr) 14603 14857 14603 8000 16000 8000 
LIW 1.445 0.913 1.350 1.539 1.728 1.634 
Noe 1 1 1 1 1 2 
Linb (m) 0.036 0.026 0.028 0.032 0.036 0.028 
Lins (m) 0.014 0.014 0.010 0.016 0.014 0.010 
Ltin (m) 0.0500 0.0440 0.0500 0.0480 0.0500 0.0480 
Ltinb (m) 0.0500 0.0480 0.0480 0.0480 0.0360 0.0440 
Tset ("C) 64 65 65 64 64 64 
7.9 Summary 
In this chapter, the design tool is implemented to determine the optimum design of 
thermosyphon systems that can provide 180 litres of hot water at different load temperatures of 
50, 55, 60°C for the case of a vertical tank system. Two different sets of input information to 
the design tool were used. This shows the importance of the accuracy of information required, 
and should be defined from the manufacturer. The design tool was also implemented to find 
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the optimum thermosyphon system in the case of a horizontal tank system, and in case of an 
optimum system that can provide 240 litres of hot water at 60 QC. 
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Rgure 7-16 Optimum thermosyphon system design using addition of ranking 
Table 7-18 Design parameters of System A5 
Gen 1000 998 1000 999 1000 1000 1000 
Cost 103.06 111.02 124.12 141.50 160.79 174.91 194.10 
SF 0.450 0.510 0.601 0.662 0.701 0.751 0.801 
Tload 59.70 59.71 59.70 59.70 59.70 59.71 59.70 
Ae 1.686 1.838 2.143 2.200 1.400 1.438 1.590 
Vt 0.142 0.142 0.142 0.186 0.197 0.218 0.262 
HID 1.284 1.284 1.284 1.710 1.568 1.639 2.135 
W 0.176 0.144 0.173 0.121 0.142 0.121 0.143 
Nr 6 8 7 10 6 9 6 
Lgap 0.015 0.015 0.015 0.015 0.015 0.015 0.015 
Paux 11556 11302 10032 11175 14095 16000 11175 
LNJ 1.350 1.256 1.327 1.374 1.681 1.091 1.894 
Noe 1 1 1 1 2 2 2 
Linb 0.022 0.024 0.036 0.034 0.026 0.032 0.032 
Lins 0.010 0.010 0.014 0.012 0.010 0.010 0.014 
Ltin 0.0400 0.0420 0.0480 0.0480 0.0480 0.0480 0.0500 
Uinb 0.0480 0.0360 0.0400 0.0500 0.0400 0.0460 0.0460 
Tset 64 65 65 64 64 64 64 
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Figure 7-17 Comparison between stochastic ranking and addition of ranking procedures 
A sensitivity analysis of the temperature to the load is conducted in different ways: different 
temperature tolerance, unconstrained temperature to the load, and the case of eliminating 
water mixing devices. The sensitivity analysis was conducted to show different possible 
scenarios (regarding the temperature to the load) of modelling thermosyphon systems in 
TRNSYS. In addition, the effect of load pattern on the system performance and system design 
parameters is also considered. The results show the importance of load pattern and thus this is 
a further set of data that should be known as accurately as possible. 
Finally, the study shows that the addition of ranking procedure used to handle constraints in 
single optimisation problems is a very efficient procedure in comparison to the well known and 
proven stochastic ranking procedure. 
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8.1 Conclusions 
This study has presented the steps in developing a design tool for sizing and optimising 
thermosyphon solar water heating systems. The design tool is based on the Modified TRNSYS 
model (MM) and an optimisation programme. The normal way of modelling thermosyphon 
systems in TRNSYS is called in this study the 'Original TRNSYS Model' (OM). The original 
TRNSYS model contains some information that is obtained experimentally, and hence, the OM 
model cannot be used directly in this study. Two new components were therefore added to 
TRNSYS; specifically to be included into the OM to account theoretically for the information 
that otherwise would be determined experimentally. The new components were validated 
through conducting a number of experiments, and the validated components were added to 
TRNSYS (specifically to the 'OM') to constitute the 'Modified TRNSYS Model' (MM). The 
validated 'MM' was then used for evaluating the performance of thermosyphon systems in 
throughout this study. 
The second part of developing the design tool was to develop an optimisation routine 
(optimiser) to be used for the purpose of finding the optimum design parameters of 
thermosyphon systems. The genetic algorithm optimisation procedure was adapted in this 
study for this purpose because of its ability to optimise multiple parameters simultaneously. 
This was then combined with the modified TRNSYS model to constitute the final design tool. 
Finally, the design tool is then implemented to find the optimum thermosyphon system for the 
Libyan environment for different criteria. 
The principal contributions to knowledge are the development of a new design tool and its 
application. The results obtained from implementation of the design tool in addition to 
confirming findings of previous researchers elucidated new interesting aspects of system 
performance. The most important of these are as follows: 
1. A design tool has been produced and shown to be capable of producing the optimum 
thermosyphon system design that fits a particular situation and purpose. This, in turn, 
eliminates the unnecessary cost resulting from the over sizing of systems. 
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2. The results have shown that the aspect ratio of the collector depends strongly on the 
thickness of the collector insulation, in other words, on the heat loss from the collector. 
Shorter collectors are better when heat loss from the collector is high, whereas longer 
collectors are preferable in cases of well-insulated collectors. 
3. The design tool has shown the difference in cost and performance of vertical versus 
horizontal tank systems designed for the same purpose see ( Figure 7.9). Thus it is 
better to have a vertical tank compared to horizontal one. 
4. The study has clearly shown that hot water load pattern has a great influence on the 
size of the thermosyphon system. Hence, accurate knowledge of this should be 
considered at the design stage, wherever possible. 
5. The study has shown that the 'addition of ranking' procedure for handing constraintsin 
single objective optimisation problems is a very promising tool when compared to the 
very well-known stochastic ranking procedure. The addition of ranking procedure is 
very simple and does not require any parameter to be set. 
6. The study has extended the TRNSYS library by adding two new components (to the 
best of the authors knowledge); Type 210, collector characteristic component ,and 
Type 211 pipe-tank heat loss coefficients component. 
7. The design tool developed during the course of this study is a very promising means of 
sizing thermosyphon solar water heating systems to be used by engineers, and it has 
potential to be developed commercially for this purpose. 
8.2 Future Work 
Potential future work that stems from the current study is to improve the design tool, or to add 
new ideas. A brief discussion follows: 
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1. A detailed experimental study should be conducted on thermosyphon solar water 
heaters that have been manufactured based on the outputs of the design tool in 
comparison with traditional designs. This study will demonstrate the benefit of the 
design tool, and might show the places where future studies should be focussed or 
improved, as required. 
2. It is worth using the multi-objective optimisation procedure such as Non-dominated 
Sorting Genetic Algorithm NSGA-II instead of using the constrained single 
optimisation problem to solve the problem at hand. This probably will save 
computation time substantially. 
3. Similar work can be created to find the optimum design system for forced circulation 
(active) systems. This will require little change to the TRNSYS model because the 
new components developed in this study can be included in the active system 
model that is implemented in TRNSYS. 
4. Due to the increased use of evacuated tube technology for domestic hot water 
systems, a similar study can be conducted to find the optimum design of these 
systems. 
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Table B-1 Results of temperature to load at 59.0 DC 
Gen 995 1000 616 1000 1000 1000 
Cost 110.93 111.16 110.46 111.10 110.17 110.66 
SF 0.600 0.600 0.600 0.600 0.600 0.600 
Tload 59.05 59.05 59.06 59.01 59.03 59.06 
Ae 2.105 2.048 2.067 2.086 2.200 2.067 
Vt 0.098 0.098 0.098 0.098 0.080 0.098 
HID 2.135 2.135 1.639 2.206 1.781 2.135 
W 0.173 0.166 0.172 0.173 0.174 0.201 
Nr 6 6 6 6 6 5 
Lgap 0.015 0.015 0.015 0.015 0.015 0.015 
Paux 9397 13206 14857 12317 15873 16000 
UW 1.752 1.846 1.728 1.728 1.811 1.823 
Noe 1 1 1 1 1 1 
Linb 0.024 0.028 0.028 0.028 0.028 0.036 
Lins 0.010 0.010 0.014 0.010 0.010 0.010 
Ltin 0.0480 0.0480 0.0380 0.0440 0.0480 0.0420 
Ltinb 0.0400 0.0460 0.0420 0.0360 0.0440 0.0460 
Tset 63 63 62 63 64 63 
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Table 8-2 Results of temperature to load at 59.2°C 
Gen 1000 998 1000 995 989 989 
Cost 116.14 116.08 111.61 116.57 116.65 116.44 
SF 0.601 0.600 0.600 0.601 0.600 0.600 
Tload 59.21 59.21 59.23 59.20 59.20 59.20 
Ae 2.105 1.895 2.029 2.048 2.067 2.067 
Vt 0.133 0.133 0.098 0.133 0.133 0.133 
HID 1.426 1.426 2.065 1.426 1.426 1.426 
W 0.176 0.145 0.176 0.164 0.151 0.171 
Nr 6 8 6 6 8 6 . 
Lgap 0.015 0.015 0.015 0.015 0.015 0.015 
Paux 15111 14476 10540 14984 11429 14476 
LIW 1.693 1.280 1.634 1.870 1.291 1.752 
Noe 1 1 1 1 1 1 
Linb 0.026 0.036 0.036 0.028 0.024 0.028 
Lins 0.010 0.012 0.010 0.010 0.010 0.010 
Ltin 0.0440 0.0480 0.0500 0.0460 0.0440 0.0480 
Ltinb 0.0380 0.0380 0.0420 0.0440 0.0400 0.0380 
Tset 62 62 64 62 62 62 
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Table 8·3 Results of temperature to load at 59.4 QC 
Gen 1000 999 990 1000 1000 1000 
Cost 115.67 118.00 117.60 117.86 117.18 117.21 
SF 0.600 0.600 0.600 0.600 0.600 0.600 
Tload 59.45 59.43 59.41 59.42 59.48 59.47 
Ae 2.143 2.086 2.029 2.067 2.048 2.162 
Vt 0.115 0.133 0.133 0.133 0.133 0.133 
HID 1.284 1.568 1.710 1.071 1.426 1.426 
W 0.151 0.148 0.151 0.148 0.165 0.200 
Nr 9 8 8 9 7 5 
Lgap 0.015 0.015 0.015 0.015 0.015 0.015 
Paux 11683 14857 9397 13333 . 12825 14603 
LIW 1.067 1.350 1.268 1.067 1.386 1.917 
Noe 1 1 1 1 1 1 
Linb 0.024 0.024 0.028 0.028 0.030 0.028 
Lins 0.010 0.010 0.010 0.010 0.010 0.010 
Ltin 0.0480 0.0420 0.0440 0.0460 0.0500 0.0440 
Ltinb 0.0400 0.0460 0.0480 0.0460 0.0460 0.0460 
Tset 63 63 63 62 63 63 
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Table 8-4 Results of temperature to load at 59.6°C 
Gen 1000 1000 990 1000 999 1000 
Cost 127.24 128.37 130.00 119.80 128.09 130.77 
SF 0.601 0.600 0.601 0.600 0.600 0.600 
Tload 59.61 59.61 59.60 59.62 59.60 59.61 
Ae 2.181 2.181 2.181 2.181 2.181 2.200 
Vt 0.133 0.133 0.150 0.133 0.133 0.115 
HID 1.426 1.071 1.355 1.355 1.071 1.071 
W 0.148 0.148 0.143 0.172 0.151 0.151 
Nr 7 7 9 6 7 8 
Lgap 0.015 0.015 0.015 0.015 0.015 0.015 
Paux 15365 13333 10032 15873 11556 13714 
LIW 1.823 1.823 1.209 1.823 1.740 1.374 
Noe 1 1 1 1 1 1 
Linb 0.036 0.036 0.040 0.028 0.036 0.044 
Lins 0.014 0.018 0.010 0.010 0.018 0.026 
Ltin 0.0480 0.0480 0.0460 0.0480 0.0500 0.0480 
Ltinb 0.0440 0.0440 0.0500 0.0360 0.0460 0.0480 
Tset 64 63 63 64 63 64 
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Table 8-5 Results of temperature to load at 59.75 DC 
Gen 1000 996 1000 1000 1000 995 
Cost 135.59 133.83 133.36 134.51 131.77 128.82 
SF 0.601 0.602 0.614 0.606 0.601 0.600 
Tload 59.75 59.75 59.75 59.75 59.75 59.75 
Ae 2.181 2.162 2.143 2.200 2.124 2.143 
Vt 0.189 0.185 0.172 0.168 0.159 0.159 
HID 1.568 1.497 1.284 1.142 1.071 1.142 
W 0.145 0.151 0.144 0.171 0.138 0.168 
Nr 8 7 9 6 8 6 
Lgap 0.015 0.018 0.026 0.015 0.015 0.015 
Paux 15365 12698 13968 16000 15873 12190 
LIW 1.457 1.728 1.161 1.858 1.575 1.882 
Noe 1 1 1 1 1 1 
Linb 0.036 0.028 0.036 0.042 0.046 0.034 
Lins 0.010 0.016 0.014 0.018 0.014 0.018 
Ltin 0.0420 0.0400 0.0420 0.0480 0.0340 0.0400 
Ltinb 0.0440 0.0420 0.0400 0.0340 0.0420 0.0500 
Tset 64 64 64 64 64 64 
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Table C-1 Optimum System designs for morning load pattern at SF::O.6 
Gen 185 367 1000 997 993 951 
Cost 158.11 151.96 151.48 150.39 154.76 152.07 
SF 0.600 0.600 0.600 0.601 0.602 0.601 
Tload 59.71 59.70 59.70 59.70 59.70 59.70 
Ae 2.200 2.200 2.181 2.181 2.181 2.181 
Vt 0.270 0.262 0.267 0.267 0.262 0.265 
HID 1.000 1.000 1.000 1.000 1.000 1.000 
W 0.151 0.137 0.150 0.146 0.116 0.119 
Nr 8 11 8 8 10 13 
Lgap 0.037 0.015 0.015 0.015 0.015 0.015 
Paux 13333 12190 9016 14603 13333 10921 
LIW 1.374 0.902 1.374 1.445 1.469 0.843 
Noe 1 1 1 1 1 1 
Linb 0.036 0.038 0.036 0.036 0.038 0.036 
Lins 0.024 0.014 0.018 0.014 0.014 0.010 
Uin 0.0500 0.0500 0.0500 0.0500 0.0480 0.0500 
Uinb 0.0480 0.0480 0.0480 0.0500 0.0500 0.0440 
Tset 65 65 64 64 65 64 
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Table C-2 Optimum System designs for morning load pattern at SF=O.65 
Gen 965 364 1000 86 574 770 
Cost 176.66 200.59 184.29 190.13 179.61 179.56 
SF 0.652 0.652 0.651 0.652 0.653 0.650 
Tload· 59.70 59.71 59.70 59.70 59.70 59.71 
Ae 1.476 1.514 1.286 1.248 1.248 1.286 
Vt 0.270 0.270 0.270 0.270 0.267 0.270 
HID 1.000 1.000 1.000 1.000 1.000 1.000 
W 0.151 0.153 0.137 0.105 0.124 0.140 
Nr 8 8 8 11 8 7 
Lgap 0.015 0.094516 0.034194 0.058871 0.039677 0.02871 
Paux 14857 13079 8000 10921 12571 9397 
LIW 0.913 0.913 0.961 0.843 1.126 1.185 
Noe 1 1 1 1 1 1 
Linb 0.026 0.036 0.048 0.046 0.032 0.042 
Lins 0.014 0.016 0.022 0.018 0.022 0.020 
Ltin 0.0500 0.0500 0.0500 0.0500 0.0480 0.0500 
Ltinb 0.0480 0.0480 0.0480 0.0500 0.0500 0.0440 
Tset 65 65 64 64 65 64 
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Table C-3 Optimum System designs for simple load pattern at SF=O.60 
Gen 154 996 186 777 810 1000 
Cost 129.65 127.30 133.50 122.85 130.75 123.37 
SF 0.602 0.603 0.600 0.602 0.600 0.600 
Tload 59.70 59.70 59.71 59.70 59.71 59.71 
Ae 2.181 2.067 2.105 2.143 2.181 2.162 
Vt 0.137 0.164 0.197 0.142 0.186 0.133 
HID 1.000 1.355 1.355 1.213 1.284 1.000 
W 0.167 0.125 0.162 0.150 0.150 0.147 
Nr 6 10 7 8 9 8 
Lgap 0.015 0.015 0.015 0.015 0.015 0.015 
Paux 8000 8381 14984 14603 13460 9143 
LIW 1.929 1.209 1.480 1.350 1.102 1.409 
Noe 1 1 1 1 1 1 
Linb 0.036 0.026 0.038 0.028 0.024 0.036 
Lins 0.026 0.010 0.012 0.010 0.010 0.012 
Ltin 0.0400 0.0480 0.0460 0.0500 0.0480 0.0400 
Ltinb 0.0360 0.0440 0.0380 0.0480 0.0440 0.0380 
Tset 65 64 63 65 64 64 
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Table C-4 Optimum System designs for simple load pattern at SF=O.65 
Gen 1000 186 1000 1000 995 993 
Cost 149.51 139.86 136.64 137.15 135.80 140.26 
SF 0.650 0.650 0.650 0.650 0.650 0.650 
Tload 59.72 59.70 59.70 59.70 59.70 59.71 
Ae 1.305 2.200 2.200 2.181 2.181 2.200 
Vt 0.186 0.142 0.154 0.167 0.164 0.186 
HID 1.284 1.071 1.284 1.568 1.284 1.284 
W 0.148 0.145 0.120 0.117 0.126 0.140 
Nr 6 8 11 10 9 9 
Lgap 0.015 0.034194 0.015 0.015 0.015 0.015 
Paux 13587 10794 12317 13079 8000 13714 
LIW 1.445 1.469 1.161 1.445 1.539 1.256 
Noe 2 1 1 1 1 1 
Linb 0.024 0.050 0.036 0.032 0.032 0.036 
Lins 0.010 0.026 0.018 0.012 0.016 0.018 
Ltin 0.0440 0.0340 0.0400 0.0500 0.0480 0.0500 
Ltinb 0.0480 0.0480 0.0480 0.0480 0.0480 0.0480 
Tset 64 64 64 65 64 64 
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Table C-5 Optimum System designs for afternoon load pattern at SF=O.60 
Gen 929 983 186 723 992 252 
Cost 138.69 134.57 137.88 133.82 132.24 141.68 
SF 0.600 0.602 0.601 0.600 0.600 0.601 
Tload 59.70 59.70 59.70 59.70 59.70 59.71 
Ae 2.086 1.838 2.143 1.990 1.819 1.838 
Vt 0.251 0.202 0.229 0.218 0.208 0.251 
HID 2.135 2.490 2.703 2.277 2.135 2.135 
W 0.201 0.153 0.201 0.150 0.138 0.149 
Nr 5 6 5 7 7 7 
Lgap 0.015 0.018 0.015 0.015 0.015 0.015 
Paux 12063 14603 9905 10032 16000 14095 
LIW 1.835 1.917 1.882 1.610 1.728 1.504 
Noe 1 1 1 1 1 1 
Linb 0.024 0.040 0.028 0.022 0.036 0.036 
Lins 0.010 0.018 0.010 0.014 0.014 0.020 
Ltin 0.0500 0.0460 0.0360 0.0400 0.0500 0.0480 
Ltinb 0.0440 0.0340 0.0480 0.0380 0.0360 0.0440 
Tset 63 64 64 64 64 63 
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Table C-6 Optimum System designs for afternoon load pattern at SF=O.65 
Gen 999 1000 999 1000 319 618 
Cost 174.04 172.02 192.28 196.61 180.29 185.97 
SF 0.651 0.651 0.658 0.671 0.659 0.650 
Tload 59.71 59.70 59.71 59.68 59.71 59.70 
Ae 1.364 1.345 1.648 1.248 1.362 1.248 
Vt 0.270 0.270 0.270 0.270 0.242 0.270 
HID 1.426 1.568 1.000 1.000 1.568 1.000 
W 0.162 0.167 0.179 0.124 0.166 0.131 
Nr 6 5 8 10 6 7 
Lgap 0.015 0.015 0.075 0.078 0.029 0.023 
Paux 10540 8000 8762 13968 9905 14603 
LIW 1.268 1.634 0.736 0.736 1.220 1.315 
Noe 2 2 2 2 2 2 
Linb 0.024 0.028 0.026 0.034 0.050 0.048 
Lins 0.010 0.010 0.012 0.032 0.032 0.030 
Ltin 0.0500 0.0480 0.0440 0.0480 0.0260 0.0420 
Ltinb 0.0400 0.0440 0.0300 0.0480 0.0320 0.0460 
Tset 64 64 65 65 65 65 
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Towards an Automated Technique for Optimising the 
Design of 
Thermosyphon Solar Water Heaters 
MJ.R. Abdunnabi and D.L. Loveday 
Department of Civil and Building Engineering, Loughborough University, Loughborough, 
Leicestershire, LEll 3TIJ, United Kingdom 
{m.j.r.Abdunnabi, d.l.loveday} @lboro.ac.uk 
Abstract. Modelling the thermal performance of thermosyphon solar water heaters is a complex 
process. Component Type 45 in the well-known 1RNSYS simulation program is the main component 
that can be used for evaluating the thermal performance of thermosyphon solar water heaters. This 
model-based component requires certain information that must be determined experimentally in order 
to eliminate errors that would result if performance was calculated theoretically. The use of this 
component is therefore limited to evaluating the performance of existing systems and their components 
based on test results. Hence, model-based optimisation can lead to possible errors in some of the design 
parameters of a thermosyphon system. This is thought to be due to the fact that values of collector 
performance characteristics and tank overall heat loss coefficient are kept fixed throughout the 
optimisation process whereas they change as other variables are altered. 
In this study, a new component is added in order to correct the situation, as well as to change the 
characteristic performance of the collector from being parameters to instead being inputs to the current 
version of Type 45. The study has shown that linking this component with the modified thermosyphon-
collector component Type 145 (referred to as 'Modified TRNSYS Model') gives results that agree to 
within RMS error of less than 5.6% with the traditional way of evaluating system performance (solar 
fraction) by using Type 45 (referred to as 'Original TRNSYS Mode!'). Furthermore, the modified 
TRNSYS model eliminates restrictions on design parameter optimization and gives a wider choice for 
conducting parametric studies. This represents an essential first step towards development of a tool for 
optimising the design of thermosyphon solar water heating systems. 
Keywords: thermosyphon solar water heater, TRNSYS, new TRNSYS types, validation 
1. Introduction 
Thennosyphon solar water heaters are pump free-devices used to provide households 
with the required hot water. Basically, part of the required energy comes from the sun 
and the remaining part comes from conventional energy sources to meet the desired 
set temperature. The operating theory of these systems depend mainly on buoyancy, 
the difference in the density between the wanner liquid in the solar collector side and 
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the colder liquid in the storage tank side. This causes an imbalance in the gravitational 
forces in the loop which causes the liquid to circulate naturally and transport the heat 
from the collector to the storage tank. This process continues for as long as the solar 
irradiance is enough to make this difference in densities. 
Thermosyphon systems are very attractive devices, and are the most popular installed 
systems in moderate and hot climates due to many reasons, the most significant of 
which are less cost compared with active systems and less maintenance requirement 
since they have no moving or control parts. 
In the literature there have been many attempts to model thermosyphon solar water 
heaters [1-46] and most of them have failed to accurately represent the system. To 
date, there appears to have been no attempt to improve on, or to create, new models 
that treat the system more rigorously. The only program available and used by most 
researchers in this field is the TRNSYS Type 45. This model has been validated by a 
number of researchers [60,18] and has been used frequently to investigate, evaluate 
and optimise the thermal performance and the design parameters of thermosyphon 
solar water heaters [57-100]. 
The thermosyphon component in the TRNSYS program, Type 45, requires a number 
of experimentally-determined items of information (namely,FRra, FRUL , bo ' Ul, 
U2, UAt ). This, in turn, requires that evaluation or optimisation of a system should 
be carried out on an already existing system where the components are already tested 
and reported. No doubt, evaluating the thermal performance of the system in the 
presence of experimentally-determined information will give more accurate results 
than calculating that information theoretically. However, in the case of optimisation, 
keeping that information fixed, despite the fact that its values change throughout the 
optimisation process, will probably lead to inaccurate results. Therefore, recourse to 
theoretical models to re-calculate those values during the optimisation process would 
be better for obtaining more accurate results. 
In this study, an attempt is made to achieve a better estimation of the effect of 
changing design parameters on the thermal performance of a thermosyphon system. A 
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new component was added to the TRNSYS model to account for the collector 
performance characteristics (FRra, FRUL , ha)' This component is named: collector 
characteristics (Type 210) 
2. TRNSYS New and Modified Components 
2.1 TRNSYS Simulation Program 
TRNSYS is a transient simulation program with a modular structure, developed at the 
Solar Energy Laboratory of the University of Wisconsin [26]. The program is 
comprised of many subroutines that model subsystem components. Each of these 
component subroutines is identified by a Type number. The modular nature of 
TRNS YS permits the simulation of a great variety of thermal systems. 
TRNSYS has the capability of interconnecting system components in any desired 
manner, and the entire problem of system simulation reduces to a problem of 
identifying all of the components and formulating a general mathematical description 
of each [26]. 
Further to the library of components already provided in the TRNSYS package, it is 
possible to add one's own components to become part of the TRNSYS library 
components and then benefit from the other components to build bespoke models. 
The standard component of thermosyphon systems in TRNSYS 16 is component 
Type 45 which consists of a flat plate solar collector, a stratified vertical or horizontal 
storage tank, and a check valve to prevent reverse flow. Stratification in the tank is 
modelled using the Type 38 algebraic component, which is called by Type 45. Further 
components need to be connected with Type 45 in order to complete the modelling of 
the system. 
2-2 Collector characteristics component (Type 210) 
The flat plate solar collector, which is considered to be the most important part of a 
thermosyphon solar water heating system, is a very special type of heat exchanger 
that converts solar radiation into thermal energy for heating the working fluid that 
passes through it. The collector consists of many parts that need to be sized properly 
for efficient collector design. This, of course, requires accurate knowledge of 
collector thermal analysis. In fact, the thermal analysis of the flat plate solar collector 
remains a very difficult problem due to the structure and complexity of the collector, 
and hence assumptions are imposed to simplify the analysis. The literature has 
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revealed a great deal of work devoted to the study and modelling of flat plate solar 
collectors. From the literature, this study examines four models, with the aim of 
identifying the best one for further analysis and modelling. The models under 
consideration are: i) CoDePro program[114]; ii) Kirchhoff and Billups model (named 
as Model 1) [112]; iii) Prabhakar et al model [113] (Model 2); and iv) model 1 with a 
different boundary condition between the absorber plate and riser tubes (this model is 
denoted here as Model 3). 
'CoDePro' is a software programme provided by Wisconsin University that is 
available online [114], its model being based on the Rottel, Whillier, and Bliss 
equation. The other three models (models 1,2 and 3 referred to earlier) consist of 
differential equations governing the temperature distribution of the plate, glazing 
cover, and fluid, these being solved numerically by using the finite difference 
approach. 
The resulting predictions from these models are compared with data determined 
experimentally for three collectors tested according to standard EN 12975-2. Figure 1 
shows the comparison between prediction and experiment. 
In order to evaluate these models, the average root mean square (RMS) error of the 
results is used. Model 3 shows good agreement with the experimental data to within 
an RMS error of less than 1.06%. This compares with RMS errors of the other three 
models as 2.21 %, 2.7% and 1.21 % for CoDePro, Model 1 and Model 2, respectively. 
Predictions from Model 3 thus gave the least RMS error and therefore Model 3 was 
chosen to represent the characteristic performance of the flat plate solar collector 
(Type 210) in this study. 
2-3- Modified Thermosyphon-Collector Component Type 145 
The thermosyphon-collector component model Type 45 has been slightly modified to 
accept the output of the new component mentioned above in section 2-2 as an input. 
In fact, no modifications are made in the main body of this component, the only 
change is to alter the three parameters (FR Ta, FRU L' ho ) in Type 45 from being 
parameters (in the TRNSYS terminology) to instead being inputs. This will enable 
their values to vary during the simulation. 
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3. Original and Modified TRNSY Models 
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In this study, the usual TRNSYS procedure to model thermosyphon solar water 
heaters is referred to as the 'Original TRNSYS Model' (OM). It comprises the 
following main components: thermosyphon-collector component Type 45, weather 
data component Type109, load profJle Type 14, in addition to a flow mixer and 
diverter, output and utility components (see Figure 2a). The modified model is 
referred to as 'Modified TRNSYS Model' (MM), and comprises the thermosyphon-
collector component Type 145 as modified in this study, collector characteristics 
components Type 210, weather data component Type 109, load profile Type 14, in 
addition to a flow mixer and diverter, output and utility components (see Figure 2b). 
Typel09 
Output devices 
Flow diverter 
Figure (2 a) Schematic diagram of the major components of the original model 
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4. Model Validation 
Comparison between the modified TRNSYS model and the original TRNSYS model 
was made on two thermosyphon systems (system I and system 2) each having 
specifications as described in Table 1. In the comparison, it is assumed that the daily 
quantity of hot water withdrawn is 150 litres at 60°C, and is withdrawn according to 
the simple load pattern as shown in Figure 3. The system is assumed to be located in 
Libya, and weather data for Tripoli Airport, Libya, as provided by TRNSYS, is used 
in this study. 
The monthly and yearly solar fractions have been used as the measure for thermal 
performance of the thermosyphon system for both cases (original and modified 
models). 
Figure 4 shows the monthly solar fraction of System 1. It is clear that there is little 
difference between the original and modified models. The modified model predicts 
slightly higher values of monthly solar fraction (by no more than 2.9%) as compared 
to the original model, whereas the error in estimating yearly performance is less that 
2%. 
Output devices 
Figure (2 b) Schematic diagram of the major components of the modified model 
In a similar way, the agreement between original and modified TRNSYS models in 
the case of System 2 is also very good as can be seen from Figure 5, with slightly 
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higher predictions of monthly solar fraction by the modified model of no more than 
5.6%, and the yearly error prediction ofless than 3.9%. 
Table 1 system features 
System 1 System 2 
Ae 2.272 m2 V, 150 lit Ae 2.489 m2 Vt 150 lit 
FRTa 0.679 UAt 7.50 kJ/h FRTa 0.6791 UAt 7.50 kJ/h 
FRUL 13.77 UI, 8.79 FRUL 14.6052 Ul, 8.79 
kJ/hm2 U2 kJ/h m2 k kJ/h m
2 U2 kJ/h m2 k 
G1esl 72 V/oad 150 Gtest 72 Vtoad 150 
kg/h m2 Lit/day kg/h m2 Lit/day 
Dr 6.4 mm Ht 0.71m Dr 7.0 mm Ht 0.71m 
Dh 22 mm Hr 0.66m Dh 22 mm Hr 0.66 m 
Nr 8 Hth 0.61m Nr 10 Hlh 0.61m 
Di,Do 22 mm Haw: 0.56m Di,Do 22 mm Haux 0.56 m 
He 1.47 m NB1, 4 He 1.39 m NB1, 4 
NB2 NB2 
Ho 1.63 m Paux 10 MJ/h Ho 1.55 m Paux 10 MJ/h 
Lh 1.087 Tmain 20°C Lh 1.24 Tmain 20°C 
Li 3.2m Tset 60°C Li 3.07m Tset 60°C 
La 1.05 m j3 45 deg La 1.05 m j3 45 deg 
It is concluded that the errors incurred by calculating theoretically the characteristic 
performance parameters of the collector instead of measuring them experimentally 
can be considered acceptable when viewed against the benefit of allowing greater 
flexibility for the purpose of evaluating and optimising thermosyphon systems. To 
demonstrate the capability of the approach, the modified TRNSYS model (MM) will 
be used in this study to predict the optimum collector area of the thermosyphon solar 
systems (system 1). 
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5. Optimum Thermosyphon System Design 
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The modified TRNSYS model is used for fmding the optimum collector area of 
system 1. The strategy used to find the optimum area is to determine the optimum 
distance between risers and the optimum aspect ratio of the collector of system 1. 
Accordingly, the optimum collector area can be found. 
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Figure 6 shows the effect of changing the number of risers on the system 
performance. Of course, changing the number of risers per unit area will change the 
distance between the risers, therefore, from the optimum number of risers we can find 
the optimum distance between risers (fin width). It is clear from Figure 6 that the 
optimum number of risers is 9, and the corresponding distance between risers is 
O.l13m. 
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Figure 6 Effect of number of risers on the system yearly solar fraction 
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The effect of changing the aspect ratio of the collector on the system solar fraction is 
shown in Figure 7. It clear that the optimum aspect ratio is between 1.75 and 2.0 . 
Therefore, the optimum value is taken as 1.95 to find the optimum collector area. 
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Figure 7 Effect of collector aspect ratio on system yearly solar fraction 
The optimum values of riser distance (O.ll3m) and collector aspect ratio (1.95) were 
then used together with the other properties of system 1 (except for the collector 
characteristics performance which will be calculated in the modified TRNSYS model) 
to determine the optimum collector area. It can be seen from Figure 8 that beyond a 
collector area of 4m2 the increase in solar fraction is accompanied with high increase 
in collector area. Therefore, the optimum collector area would be 4m2 in this case. 
This area will provide about 94% of the hot water demand from solar energy. 
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6. Conclusions 
A new component has been added to TRNSYS for use with the modified 
thermosyphon-collector (Type 145) to predict what would otherwise have to be 
experimentally determined information (FR Ta, FRU L' bo )' The new component was 
validated against three different sets of experimental data and good agreement was 
obtained between the model predictions and experimental results with an average 
RMS error of 1.06%. The model was incorporated into a modified TRNSYS 
thermosyphon model (MM), the latter giving close agreement with the results of the 
original TRNSYS thermosyphon model (OM) when tested with two different 
thermosyphon systems, System 1 and System 2, but with the added advantage of 
enhanced flexibility for modelling and subsequent optimisation. This is demonstrated 
through the use of the modified TRNSYS model to predict the optimum collector area 
of 4 m2 required for a thermosyphon system (system 1) to provide 150 litres of daily 
hot water at 60°C, in Tripoli, Libya. It is concluded that the modified TRNSYS 
model developed in this paper can be used for parametric investigations of 
thermosyphon systems. The model offers the ability to vary collector characteristics 
as predicted during the calculation, as opposed to using fixed values determined from 
measurement, and represents an important step towards development of an automated 
technique for optimising thermosyphon system design. 
Nomenclature 
Ac Collector area m2 Lj , La 
b
o 
Incidence angle modifier coefficient. NB1, 
NB2 
Dh Header diameter (m) Nr 
Dj, Do Inlet and outlet connecting pipes diameters Nu 
Dr 
Gtest 
(m) 
Riser diameter (m) Pallx 
Intercept of the collector efficiency curve 1'.et 
Slope of the collector efficiency curve U' A 
./1/ 
Collector flow rate at test condition Ul, 
(kgls m2) U2 
216 
Lengths of inlet and outlet pipes (m) 
Number of equivalent right angle 
bends in inlet and outlet connecting 
pipes. 
Number of risers 
Nusselt number 
Auxiliary energy input to tank 
(KJ/hr) 
Auxiliary heater setting temp (0C) 
Overall UA value for tank (KJ/hr ° C) 
Loss coefficients for inlet and outlet 
pipes (KJ/hr m2 ° C) 
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Haux Auxiliary heater position height (m) Vfw Heat transfer coefficient between 
water and fin (W/m2K) 
He Collector perpendicular height (m) V/oad Hot water load (Lit/day) 
Ho Height from datum to the tank bottom (m) V, Tank volume (Lit) 
Hr Upriser height from the tank bottom (m) p collector tilt angle (deg) 
Ht Tank height (m) Of Fin material thickness (m) 
Hth Thermostat position height (m) M Step thickness in the X-direction (m) 
Lh Header length (m) 
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A Design tool for thermosyphon solar water heaters using TRNSYS and Genetic 
Algorithms 
M.J.R. Abdunnabi, D.L. Loveday and J.A. Wright 
Department of Civil and Building Engineering, Loughborough University 
Loughborough, Leics., LE11 3 TU, UK 
10 Abstract 
Thermosyphon solar water heating systems have much to offer as a means for 
providing the required hot water demand of domestic premises in moderate and hot 
climatic regions. Currently, most of these systems are designed and sized based either 
on trial and error, or on experimental evaluation. This paper reports the development 
of a design tool for thermosyphon solar systems based on a modified TRNSYS model 
for system performance evaluation and that employs a genetic algorithm for 
optirnisation. The tool aims to provide engineers with optimal designs for 
thermosyphon systems according to climatic conditions, hot water quantity and load 
pattern, and the material used in manufacturing the system. 
The design tool is tested by applying it to find the optimal system design suitable for a 
family living in Tripoli, Libya, and optimum values for collector area and tank 
volume are determined. Implications for design and operation of thermosyphon 
systems in the UK are also discussed. 
Keywords: thermosyphon systems, TRNSYS, optimisation, genetic algorithm. 
11 Introduction 
Solar thermal applications have been considered to be amongst the leading applications of 
renewable energy, and the heating of domestic water is currently by far the largest application 
of all renewable technologies. For instance, the European commission expects that 
100,000,000 m2 of solar collectors will be installed in Europe by the year 2010. It is significant 
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that, of the 15,000,000 m2 of solar collectors that have been installed up to the year 2003, 95% 
of those systems were thermosyphon systems [14]. 
Thermosyphon solar water heaters are pump free-devices used to provide households with hot 
water for domestic purposes. The main components of these systems are a flat plate collector, 
insulated storage tank and connecting pipes. The key principle underlying the operation of 
these systems is that the tank should be level with or elevated above, the collector outlet to 
facilitate the thermosyphonic flow caused by the natural circulation between the hot side of the 
collector and the cold side of the tank. 
Thermosyphon (natural circulation) systems outperform (surpass) forced circulation (active) 
systems by requiring no control or moving parts and hence have low initial and running costs 
compared to the equivalent forced circulation systems. Furthermore, these systems can 
perform as effectively as, or even better than, forced circulation systems [17,29]. 
Literature has revealed that little work has been published on methods for designing and 
optimising thermosyphon systems, and that most of these systems are manufactured based on 
trial and error, or experimental evaluation [18]. Sizing and optimising thermosyphon systems 
are based mainly on how accurate are the models used to evaluate the thermal performance of 
the thermosyphon systems. 
Most of the earlier studies [1-39] were based on the first detailed study conducted by Close[1]. 
These studies impose many assumptions to simplify the problem and produce algebraic 
equations that can be used to predict roughly the main system temperature and mass flow rate 
through the system loop for the case of no hot water being drawn off during the daytime. 
Close[1], observed experimentally that the average collector temperature was only slightly 
higher than the average tank temperature. Based on this fact, he developed a simple analytical 
model for predicting the day time performance of such a system under the condition of no 
water drawn during the day and for a clear sunny day. 
Some of the earlier work [2,37] have used their models to examine the effect of some design 
parameters on the performance of the thermosyphon systems. However, these models are still 
far from being sufficiently accurate to simulate the operation of thermosyphon systems. 
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Norton and Probert [37] have developed a design model to compute the minimum area of flat 
plate collector that is need to satisfy a specified hot water requirement. The model is based on 
the experimental observation that the temperature difference across the collector remains 
almost invariant during the insolation period. However, the model has a limited size of collector ' 
and UD tank ratio. In addition, the model assumes a linear increase of the mean temperature 
in the tank during the insolation period and no allowance of hot water drawn off from the tank. 
The study of Hobson and Norton [8] appears to be the best and the most detailed one. They 
applied transient heat transfer analysis to the collector absorber and to the working fluid 
circulating through all components of the system to obtain the temperature distribution 
throughout the thermosyphon loop and the collector components. To predict the mass flow rate 
through the collector and the system, one dimensional incompressible flow was assumed in 
order to derive the momentum equation governing the working fluid flowing through the 
thermosyphonic loop. The obtained set of partial differential equations with the appropriate 
boundary conditions were cast in finite difference forms and solved simultaneously by using an 
implicit technique. 
The model is validated experimentally, and good agreement was obtained between 
experimental and prediction results for the mean store temperature, collector flow rate, inlet 
and outlet collector fluid temperature over the insolation period. 
Hobson and Norton have used their model [8] to validate a simple, but relatively accurate, 
design method to predict the performance of direct thermosyphon systems. The model is 
based on five dimensionless groups related to the dimensions, thermal characteristics and 
operating conditions of a thermosyphon system. These dimensionless groups are plotted as a 
nomogram from which the annual solar fraction can be predicted. The calculated annual solar 
fraction agreed well with the corresponding values obtained from the accurate simulation 
programme. 
Morrison and Braun[18] have developed an efficient numerical model to investigate and 
evaluate the thermal performance of direct thermosyphon solar water heaters. The model is 
validated from test data for two different locations. This model has been adopted to be part of 
the widely used TRNSYS simUlation programme [27] and is named as Type 45. Since then, 
TRNSYS component Type 45 has been used extensively by numerous researchers to evaluate 
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the performance of thermosyphon systems under different climatic and operating conditions. 
The standard thermosyphon component in TRNSYS, Type 45, includes a flat plate solar 
collector, stratified storage tank (either vertical or horizontal), connecting pipes, auxiliary 
heater, and check valve to prevent reverse flow. However, the component is restricted to a 
linear collector characterising function, direct thermosyphon loop (no heat exchanger) and 
stratification in the storage tank that is modelled using the Type 38 algebraic tank component. 
In this paper, the development of a rigours design tool is described for sizing and optimising 
thermosyphon systems based on the TRNSYS simulation programme. In this context, the use 
genetic algorithm as an optimisation approach is presented. 
12 TRNSYS Model 
In work to be submitted for publication [42,43] the authors discussed the development and 
validation of a 'Modified TRNSYS Model' to evaluate the thermal performance of thermosyphon 
systems using TRNSYS. Component Type 45 in TRNSYS is the main component to model 
thermosyphon systems. However, this component includes experimentally determined 
information (namely, FR ra, FRU L' bo ' UI, U2, UAt ) that prevents the use bf this 
component for conducting parametric studies or an optimisation of the design parameters of 
thermosyphon systems. This can be attributed to the strong interrelation between the 
characteristic performance of the system and the design parameters related to it. In the 
Modified TRNSYS Model, two new components were added to TRNSYS to account 
theoretically for the information that would be otherwise determined experimentally. The first 
new component is the Collector Characteristic component Type 210 and this is mainly used to 
determine the collector characteristic parameters (FR ra, FRU L) and incident angle modifier 
coefficient, b
o
' The second new component is the Pipe-Tank Heat losses component which is 
used mainly to determine the heat loss coefficient of the connecting pipes (UI, U2) and 
insulated tank (UAt ) in the thermosyphon system. Figure 1 depicts the main components of 
the Modified TRNSYS Model. 
222 
Appendix C 
Figure 1. Schematic diagram of the major components of the modified model 
The outputs of the new components cannot be linked directly to the component Type 45 in 
TRNSYS. This is because the outputs of the new components are considered as parameters in 
Type 45. Therefore, a modification is made to the component Type 45 to accept the outputs of 
the new components as inputs. The modified component is named as the Modified 
thermosyphon collector-storage component Type 245. 
The new components were validated experimentally and the Modified TRNSYS Model was 
also validated against the Original TRNSYS Model - the later being the usual procedure to 
model thermosyphon system in TRNSYS- for two thermosyphon systems. The maximum 
yearly error was found to be 4.2%. 
The Modified TRNSYS Model will be used in conjunction with the optimisation model, which will 
be discussed in the next section, to find optimum designs of thermosyphon systems. 
13 Optimisation Model 
Optimisation is a rapidly developing field due to its importance in diverse application areas and 
to the major efforts invested in its development during the last few decades. Optimisation of a 
system can be defined as a process of finding the best combination of design parameter values 
that make the system optimal in some sense [44]. Literature reveals that a large number of 
optimisation techniques have been used by many researchers, for a good review the reader is 
referred to [44,45,48,49]. Evolutionary Algorithms (EA) are among the optimisation approaches 
that have been used extensively in recent years because they outperform conventional 
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optimisation methods in solving most real world problems. In this paper, an Evolutionary 
Algorithm, namely a Genetic Algorithm (GA), is chosen because it is the most common 
approach used among evolutionary techniques, offers a robust global search in complex 
spaces and has been implemented successfully in more than twenty different disciplines [132]. 
13.1 Problem Formulation 
The problem at hand can be defined as a multi-objective optimisation problem consisting of 
three objective functions: the cost of material contained in the system, the system performance 
(solar fraction in this case), and the average outlet temperature to the load. However, it can 
simply be treated as a constrained single optimisation problem where the cost function is 
chosen as the objective and the other two objectives are treated as constraints. Then, the 
problem can be stated as: 
Minimise Cost(x) 
Subject to: 
Where x = [Xl> X2 '''., XJT is a vector of n design variables of the system to be optimised and 
each variable Xi is bounded by lower and upper limits [x; ,x~]. Note that Cl and c2 are 
lower bounds of the constraints that can be varied to find multiple points on the Pareto optimal 
set. 
Thirteen parameters are considered to determine the optimal characteristics of a thermosyphon 
system. Each parameter is varied over a range of values chosen from literature. Table 1 shows 
each of the parameters, the range over which they were varied and the required precision. 
13.2 Genetic Algorithm 
The basic principles of Genetic Algorithms (GA) date back to John Holland's work in the 1960s 
on the theory of adaptive systems, and to its further development for engineering applications 
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by Goldberg [139). Genetic algorithms are a search and optimisation procedure motivated by 
natural principles and selection. In this approach, each design parameter of the defined 
problem is represented by a gene using a binary string. The corresponding genes for all 
P?rameters form a chromosome capable of describing an individual design solution. A 
population, which is a set of randomly chosen chromosomes within the search space, 
represents several individual possible solutions. Once the population (parents) is initialised, the 
fitness determination, reproduction and recombination phases repeat cyclically until certain 
desired stopping criteria are met. Each iteration of this process is called a generation [132) . 
bI 1 D . . bI f h h Ta e eSlgn vana es 0 t ennosypJ on system 
No. Abbrev. Stand for Limits Precision 
1 Ao Collector Gross area (m2) [1,2.2] 0.025 
2 Le/We Collector aspect ratio [0.5,2] 0.02 
3 Ne Number of collectors [1,2] 1 
4 W Fin width (cm) [4,19] 0.5 
5 19ap Gap between cover and absorber plate [1.5,10] 0.4 
(cm) 
6 Linb Collector back insulation thickness (cm) [2,5] 0.2 
7 Lins Collector sides insulation thickness (m) [1,4] 0.2 
8 VI Tank volume (m3) [0.55*QLoad 0.005 
1.3*QLoad] 
9 H//D/ Tank aspect ration [1,3.2] 0.1 
10 Ltins Sides insulation thickness (cm) [2,5] 0.2 
11 Ltint Top and bottom insulation thickness (m) [2,5] 0.2 
12 Paux Auxiliary heater power (KW) [8,16] 0.2 
13 Tsel Auxiliary heater setting temperature (0C) [TLoad-10, 0.2 
TLoad+5] 
The features of the genetic algorithm used in this study are: binary encoding for chromosome 
representations, pairwise tournament selection with replacement, uniform crossover with rate 
of 0.3, only one gene per chromosome goes through the mutation process and a defined 
number of generations is used, exactly 1000 generations. 
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In the GA suggested in this study, the elitism process is used to overcome the problem of 
losing the best chromosome in each population. Only the best individual is copied directly to 
the next generation. 
13.3 Stochastic Ranking 
To handle constraints in the problem at hand, the stochastic ranking approach for handling 
constraints is used. The method simplifies the complicated process of balancing between the 
objective and penalty functions by introducing a stochastic bubble-sort procedure to rank 
different solutions according to the following: 
• Feasible solution ranked according to its objective value; 
• Infeasible solution ranked according to its degree of constraint violation or with a probability 
of Pf according to its objective value; 
The advantages of this technique is that it only requires a single parameter (Pf )to be set. 
Runarasson and Yao [144] have tested 13 benchmark problems and suggested that, 
0.4 < Pf < 0.5 would be appropriate for many constrained optimisation problems. 
13.4 Running the design tool 
The design tool consists of the Modified TRNSYS Model to evaluate the performance of 
thermosyphon systems in the TRNSYS environment, and the optimisation programme built in 
the Fortran 90 environment to perform the optimisation process and select the best 
thermosyphon system design. The link between the two programmes is shown in Figure 2. 
14 Case studies for Libya and the UK 
14.1 Geography and Climatic 
The optimum design of direct thermosyphon solar water heater that can provide 180 litres of 
daily hot water at 60 cC is sought in this paper, for two different geographical climatic locations: 
Libya and The UK. 
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Libya is a sub-Sahara country located in North Africa with a total area around 1,757,000 sq km 
and a population of 5,882,667 inhabitants as estimated in 2004 [122). It is located in a major 
geographical area with an abundant and reliable supply of solar energy. It is estimated that the 
annual average daily global radiation values vary from around 5.6 kWhlm2/day in the coastal 
belt (Northern region) to around 8.5 kWhlm2/day in the southern region, while the average 
annual sunshine hours vary from 3100 to 3900 hours, respectively. 
Currently, there are no major applications of solar energy in Libya, except for a few thousands 
of solar water heaters most of them suffering from neglect and lack of maintenance. However, 
important new policies are emerging in the country to implement renewable energy applications 
in general and solar water heating systems in particular. 
The UK is located in the north west of the Europe, and has a temperate climate all year round. 
It enjoys in significantly less solar radiation than Libya, the solar resource being somewhat 
unreliable. 
The purpose of this study is to demonstrate the relative differences in thermosyphon systems 
designed for the Libyan and the UK environments from the point view of weather data, while 
keeping the operational requirement and data the same. 
input 
input 
output 
Program 
Figure 2 Flow chart of the thermosyphon system design tool 
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Therefore, for the purpose of this study, the weather data of the typical metrological year 
(TMY2) of Tripoli, the capital city of Libya, as provided by TRNSYS is used. Correspondingly, 
the weather data of the typical metrological year (TMY2) of the city of Birmingham, UK as 
provided by TRNSYS is used. A simple load pattern of the daily hot water withdrawn is 
assumed as shown in Figure 3 for both cases. 
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Rgure 2 Simple hot water load pattern 
14.2 Results and Discussions 
20 24 
To run the thermosyphon system design tool for any particular place requires some basic 
information that includes weather conditions, hot water volume and pattern of use, and the 
prices of the material to be used to manufacture the solar system. The accuracy of this 
information is vital if an accurate design is to be achieved. 
The prices of the materials used to construct the system should be taken from the 
manufacturer (the only one who knows exactly the cost of each part of the system). However, 
in this study, the price of material is taken from the Libyan free market as shown in Table 2. 
These prices do not represent exactly the actual cost of each part in the system as it does not 
take into consideration the costs of manufacturing, labour, etc. However, it will give an 
indication of the system cost and will allow differentiation between various designs. 
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Here, using TRNSYS it is worth noting the performance of the same thermosyphon system 
installed in the cities under study. The main system specifications are shown in Table 3. The 
average monthly and yearly results of the solar fraction obtained for both cities are show in 
Figure 3. The results show that for the system located in Birmingham, 27.7 % of the total yearly 
hot water required can be heated from the sun, while 79.2% of the total yearly hot water can be 
met from the solar resources in Tripoli. 
Table 2 solar system material and its prices 
Material Prices (£Jkg) 
1 Copper 6.9 
2 Carbon steel 1.41 
3 Tempered Glass 1.2 
4 Mineral wool 1.887 (40 kg/m3) 
5 Polyurethane foam 3.27 (32 Kg/m3) 
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Figure 3 Monthly and average yearly solar fractions for Birmingham and Tripoli 
It is evident from Figure 3 that there is a big difference in the energy saving for water heating in 
Birmingham and Tripoli due to the effect of the weather conditions only. In this part of the work, 
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the design tool will be used to find the optimum or near optimum design of thermosyphon 
system for both cities. 
The outputs of the design tool are the size and dimensions of the thermosyphon system 
components according to the given criteria. The programme takes about 17 hours to provide a 
single point result. This result represents a single design point at a defined solar fraction and 
hot water temperature delivered to the load. The outputs of the design tool are sufficient to 
build the desired system. 
14.2.1 Tripoli City Case 
The design tool is implemented to find the optimum system design that can provide the 
householder with 180 litres of daily hot water at a temperature of 60°C at different solar 
fraction values. The results of 64 simulation runs are shown in Figure 4. The figure represents 
the trade off curve between the cost and the solar fraction of the system in which the solid line 
and grey circular points represent the Pareto optimal set (feasible solution) whereas the black 
circular points represent infeasible solutions. 
Table 3 Thermosyphon system specification 
Ne= 2 FR Ta = 0.5776 Dr = 0.0080 m Tload= 60.0 °C 
Ae= 1.893m2 FRUL = 14.2649 kJ/h m2 DP= 0.0180 m Tset= 55.7 °C 
Ht= 0.6992 m bo = 0.1460 Paux=13333 kJ/h QkJB<F180 Ittres 
Nr= 5 U1= 5.4513 kJlh m2 k Vt= 65 litres BTA:: 45° 
Lgap= 0.0644 m U2= 5.4462 kJ/h m2 k LPI= 2.7041 m He= 1.2143 m 
Hio= 1.2143 m UAt= 3.1133 kJ/h k LPO= 0.8892 m 
The step change in the figure results from the change from a one ~ollector system to a two 
collector system which incurred additional cost. 
The values of the design parameters of some design points on the Pareto optimal set are 
shown in Table 4. 
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Ta ble 4: System design parameters ofthermosyphon system (Tripoli case) 
Gen 998 1000 1000 1000 973 444 
Cost 101.53 117.49 136.64 155.84 177.20 199.63 
SF 0.450 0.550 0.650 0.690 0.761 0.806 
Tload 59.71 59.71 59.70 59.70 59.70 59.70 
Ae 1.610 1.990 2.200 1.400 1.700 1.813 
Vt 0.133 0.150 0.154 0.176 0.215 0.234 
HtlDt 1.071 1.142 1.284 1.355 1.568 1.000 
W 0.146 0.150 0.120 0.151 0.188 0.147 
Nr 8 8 11 7 6 12 
Lgap 0.015 0.015 0.015 0.015 0.015 0.015 
Paux 11937 11937 12317 12444 14984 13968 
LeNle 1.067 1.256 1.161 1.126 1.209 0.547 
Ne 1 1 1 2 2 2 
Linb 0.028 0.028 0.036 0.028 0.026 0.020 
Lins 0.010 0.010 0.018 0.010 0.010 0.018 
Ltin 0.0373 0.0373 0.0400 0.0440 0.0480 0.0480 
Ltinb 0.0400 0.0440 0.0480 0.0480 0.0460 0.0460 
Tset 64 64 64 64 64 63 
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14.2.2 Birmingham City Case 
Here, the usage data for hot water consumption is kept the same as the case for Tripoli. 
Therefore, the effect of weather data alone on the thermosyphon system design (for Tripoli or 
Birmingham) is considered. The optimum systems design of thermosyphon system that can 
provide 180 litres of daily hot water at 60°C for different solar fractions are shown in Figure 5. 
The results shown in Figures (4&5) and Tables (4&5) for the cities of Tripoli and Birmingham 
might not represent the global or near global optima as the number of runs on each design 
point are small. However, we can draw some conclusion from these results. 
In both cases, the tank volume is less than the daily hot water withdrawn at low solar fractions, 
and is bigger than the daily hot water withdrawn at high solar fractions. In the Birmingham 
case, the tank volume might be less than 80 litres at solar fractions less than 18% as 80 litres 
is the lower limit of the tank volume given to the design tool. 
The same collector area of 1.61 m2 that can provide 15% of the required hot water for 
Birmingham city, can provide 45% for Tripoli. The results for Birmingham could be improved if 
the optimum collector tilt angle is considered. In this paper it is considered to be fixed at 45Q the 
same as the Tripoli case. 
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Figure 5 The trade-off curve between the cost and solar fraction for Birmingham city 
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It has been noticed that the collector aspect ratio is strongly related to the losses from the 
collector, specifically to the thickness of the collector insulation. The thicker the insulation, the 
bigger the aspect ratio and vice versa. Thick collector insulation means less heat loss from the 
collector, and hence the longer the collector the higher the temperature difference and better 
. performance. On the other hand, thin collector insulation means high heat loss from the 
collector, and hence the longer collector has higher heat loss and so the shorter collector is 
preferable in this case. 
bie 5: System design parameters ofthermosyphon system (Birmingham case) Ta 
Gen 1000 1000 1000 1000 970 994 
Cost 79.38 87.56 94.42 138.00 158.22 198.01 
SF 0.121 0.150 0.180 0.260 0.320 0.420 
Tload 59.73 59.73 59.70 59.71 59.72 59.70 
Ae 1.305 1.610 1.686 1.305 1.476 1.933 
Vt 0.080 0.080 0.080 0.133 0.133 0.185 
HtlDt 1.071 1.000 1.000 1.213 1.071 1.284 
W 0.191 0.220 0.150 0.197 0.148 0.191 
Nr 4 4 6 4 6 5 
Lgap 0.015 0.015 0.015 0.015 0.015 0.015 
Paux 8000 9143 13968 15873 10159 11048 
LelWe 1.917 1.823 1.823 1.823 1.646 1.870 
Ne 1 1 1 2 2 2 
Linb 0.028 0.028 0.028 0.028 0.036 0.036 
Lins 0.010 0.010 0.010 0.012 0.012 0.018 
Ltin 0.0500 0.0500 0.0500 0.0500 0.0500 0.0500 
Ltinb 0.0500 0.0460 0.0480 0.0480 0.0480 0.0480 
Tset 63 63 64 63 63 63 
The gap between the absorber and the cover plates converges to the lower limit given to the 
design tool for this variable (0.015 m), for all runs. This probably satisfies both low heat loss 
and minimum material (cost) used for the range of variables considered. However, the optimum 
value might be less than 0.015 m, although in most practical situations it is greater than this 
value. 
For the same quantity of hot water withdrawn for both cities, the tank volume in Birmingham 
city case is bigger than the case for Tripoli for the same solar fraction. Moreover, the tank 
insulation in Birmingham is thicker. This is probably due to the colder weather in Birmingham 
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(since the tank is considered to be located outside). In addition, the insulation thickness of the 
tank sides (Ltin) may be greater than the value given in Table 5 (0.05 m) which is the maximum 
limit given to the design tool. 
In summary, the advantages of the design tool is that it gives detailed outputs to the system to 
be designed for each design point and sometimes (in the case of near optimum design) the 
outputs can be improved by performing a parametric study of each design variable through the 
use of the Modified TRNSYS Model (MM). 
Finally, further validation would be required to confirm the actual accuracy of the design tool 
this requires some systems to be built according to the output results of the design tool and 
then for the system to be tested. 
15 Conclusion 
In this study, a design tool for designing and sizing thermosyphon solar water heating systems 
is developed. The tool is based on a Modified TRNSYS model (MM) to evaluate the thermal 
performance of thermosyphon systems and a genetic algorithm programme as an optimisation 
tool. The design tool is implemented in two different climatic places, Tripoli (the capital of 
Libya), and Birmingham city in the UK. The implementation of the design tool was for a system 
that can provide the household with 180 litres of daily hot water at 60°C and the usage data for 
hot water consumption is kept the same for both cases. The effect of weather data alone on the 
thermosyphon system design for both cities is considered. The trade off curves between the 
cost and the solar fraction for both cities are presented in Figure 4 and Figure 5 for Tripoli and 
Birmingham, respectively. The design parameters of some design points from the trade off 
curves of both cities are given in Table 5 and Table 6 for Tripoli and Birmingham respectively. It 
is concluded that the design tool represents an important step towards the design of bespoken, 
optimised designs of thermosyphon solar water heating systems for identical geographic 
locations. 
Nomenclature 
Ac 
Bo 
Collector area m2 
Incident angle modifier coefficient 
Linb Collector back insulation thickness (m) 
Lins Collector sides insulation thickness (m) . 
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Dp Inlet and outlet connecting pipes Ltins Tank insulation side thickness (m) 
diameter (m) 
Dr 
Dt 
Riser diameter (m) 
Tank diameter (m) 
Ltint Top tank insulation thickness (m) 
Ne Number of collectors 
F -rrv Intercept ofthe collector efficiency curve Nr R""" Number of risers 
F U Slope of the collector efficiency curve R L Paux Auxiliary energy input to tank (KJ/hr) 
G,es, 
He 
Hr 
H, 
Hio 
Le 
Lgap 
Lpi.Lpo 
Refernces 
Collector flow rate at test condition (kg/s Tset 
m2) 
Auxiliary heater setting temp (0C) 
Collector perpendicular height (m) Tuse Temperature delivered to the load (0C) 
Height from datum to the tank bottom SF 
(m) 
Upriser height from the tank bottom (m) UA
t 
Tank height (m) UI, 
U2 
The vertical distance between the inlet Qload 
and outlet ofthe collector (m) 
Collector Length (m) v, 
The height between the absorber and the We 
cover plates (m). 
Length of inlet and outlet pipes (m) W 
Solar fraction 
Overall UA value for tank (KJlhr ° C) 
Loss coefficients for inlet and outlet 
pipes (KJlhr m2 ° C) 
Hot water load (Lit/day) 
Tank volume (Lit) 
Collector Width (m) 
Fin width 
ETA collector tilt angle (deg) 
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Optimisation of Thermosyphon Solar Water Heaters Using 
TRNSYS. Part1: Improved Model Development and Validation 
M.J.R. Abdunnabi* and D.L. Loveday 
Department of Civil and Building Engineering, Loughborough University 
Loughborough, Leics., LElI 3TU, UK 
Abstract 
TRNSYS is a standard simulation environment that can be used to evaluate thermal performance of 
thermosyphon solar water heaters through the use of the component Type 45. However, it is possible 
for errors to be incurred when performing optimisation of some of the design parameters of a 
thermosyphon system. This due to the values of collector performance characteristics and tank overall 
heat loss coefficient remaining fixed throughout the optimisation process whilst collector and tank 
parameters are changed. In this study, two new components are added in order to correct situation, as 
well as to change the characteristic performance of the collector, pipe and tank loss coefficients from 
being parameters to instead being inputs to the current version of Type 45. The study has shown that 
linking these two components with the modified thermosyphon-collector component Type 245 
(referred to as 'Modified TRNSYS Model') gives results that agree to within an error of less than 7% 
with the traditional way of evaluating system performance (solar fraction) by using Type 45 (referred 
to as 'Original TRNSYS Model'). Furthermore, the modified TRNSYS model eliminates restrictions 
on design parameter optimization and gives a wider choice for conducting parametric studies. 
Keywords: thermosyphon solar water heater, TRNSYS, new TRNSYS types, validation 
• Corresponding author: M.J.R.Abdunnabi@lboro.ac.uk, or moh jum@yahoo.com 
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1- Introduction 
There have been many attempts in the literature to model thermosyphon solar water 
heaters [1-46] and most of them have failed to accurately represent the system. To 
date, there appears to have been no attempt to improve on, or to create, new models 
that treat the system more rigorously. The only program available and used by most 
researchers in this field is the TRNSYS Type 45. This model has been validated by a 
number of researchers [60,18] and has been used frequently to investigate, evaluate 
and optimise the thermal performance and the design parameters of thermosyphon 
solar water heaters [57-100]. 
The thermosyphon component in the TRNSYS program, Type 45, requires a number 
of experimentally-determined items of information (namely, FRTa, FRUL , ho, Ul, 
U2, UA,). This, in turn, requires that evaluation or optimisation of a system should 
be carried out on an already existing system where the components are already tested 
and reported. No doubt, evaluating the thermal performance of the system in the 
presence of experimentally-determined information will give more accurate results 
than calculating that information theoretically. However, in the case of optimisation, 
keeping that information fixed, despite the fact that its values change throughout the 
optimisation process, will probably lead to inaccurate results. Therefore, recourse to 
theoretical models to re-calculate those values during the optimisation process would 
be better for obtaining more accurate results. 
Some of the aforementioned studies have used TRNSYS for conducting parametric 
studies on thermosyphon solar water heaters in order to see the effect on the thermal 
performance of the system, but without considering the effect on the collector 
characteristics or tank heat loss. A theoretical model for a flat plate collector used in 
this study shows that changing riser diameter from 5mm to 15 mm for three different 
collectors will change the value of FR Ta by an average of 1 % and the value of 
FRUL by 7%. Furthermore, changing the number of risers in the collector from 5 to 
15 results in more than an 11 % increase in FR Ta and a 13% increase in FRUL • 
Changing the collector aspect ratio and the dimensions can, of course, change the 
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collector perfonnance characteristics significantly. Similarly, changing the dimension 
and volume of the insulated tank will change the overall heat loss coefficient of the 
tank. Combinations of these changes might have a significant effect on the evaluation 
of the system perfonnance as a whole. 
In this study, an attempt is made to achieve a better estimation of the effect of 
changing design parameters on the thennal perfonnance of a thennosyphon system. 
Two components were added to the TRNSYS model to account for the infonnation 
that is detennined experimentally. These c~mponents are: collector characteristics 
(Type 210) and pipe-tank losses coefficients (Type 211) 
2- TRNSYS New and Modified Components 
2-1- Collector characteristics component (Type 210) 
The flat plate solar collector is considered to be the most important part of a 
thennosyphon solar water heating system. It is a very special type of heat exchanger 
that converts solar radiation into thennal energy for heating the working fluid passing 
through it. The collector consists of many parts that need to be sized properly for 
efficient collector perfonnance. This, of course, requires accurate knowledge of 
collector thennal analysis. In fact, the thennal analysis of the flat plate solar collector 
remains a very difficult problem due to the structure and complexity of the collector, 
and hence assumptions are imposed to simplify the analysis. The literature has 
revealed a great deal of work devoted to the study and modelling of flat plate solar 
collectors. From the literature, this study examines four models, with the aim of 
identifying the best one for further analysis and modelling. The models under 
consideration are: i) CoDePro program[ll4] based on the Hottel-Whillier-Bliss 
(HWB) equations; ii) the model of Kirchhoff and Billups [112], incorporating back 
and sides loss coefficients as adopted by Hobson and Norton [8], and denoted here as 
(Model 1 ) [112]; iii) the model of Prabhakar et al [113], which includes the effect of 
back loss from the absorber to the ambient, as well as the energy balance equation to 
calculate the cover temperature as given in [112] this model is denoted here as (Model 
2); iv) the fourth model comprises the same equations used by model 1 but a different 
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boundary condition between the absorber plate and riser tubes as shown in Figure (1) 
(this model is denoted here as Model 3). 
The governing differential equations and boundary conditions of Model 3 are given 
below: 
The energy equation for the fin is: 
(1) 
The boundary conditions are: 
aTfl aTfl 
ay (x,O) = ay (x,L) = 0 
aT I _f =0 
ax (w/2,y) 
The boundary condition between the fin and water in the tube is derived from Figure1 
as follows: 
Then, 
where, U fw is the heat transfer coefficient between the absorber plate and the water in 
the risers. 
240 
Appendix C 
For flow in risers: 
(2) 
where, hrw is the convective heat transfer coefficient between the flowing water in the 
risers and the inner wall of the tube, and Ts is the temperature of the inner wall of the 
tube. 
The boundary condition is: 
Twly~o = 1';n (3) 
For the glazed cover: 
h"(TrT}(E;'+:f,_J~-r: 1 (4) 
= hWinATg - TJ+ ocg (Tg4 -:z:~) 
where Tt is the fin temperature, Tw is the water temperature and U fw is the heat 
transfer coefficient between the fin and the water in the tubes. 
Figure 1: Fin and tube cross section 
'CoDePro' is a software programme provided by Wisconsin University that is 
available online [114], its model being based 'on the Hottel, Whillier, and Bliss 
equation. The other three models (models 1,2 and 3 referred to earlier) consist of 
differential equations governing the temperature distribution of the plate, glazed 
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cover, and fluid, these being solved numerically by using the finite difference 
approach in which NxM simultaneous algebraic equations are obtained for NxM 
nodes. The algebraic equations obtained are solved iteratively by using the Gauss 
Seidel iterative technique. The equations are encoded (compiled) by using Fortran 90, 
and run on Intel Visual FORTRAN 9. The program shows very good stability for 
different mesh size of collector fins, and the best agreement compared to the 
experimental ones was obtained when the number of nodes in the X directIon of the 
fin (as shown in figure (1» is taken as equal to, or greater than, 4 according to the fin 
width at M = 0.0125m. 
The resulting predictions from these models are compared with data reported 
determined experimentally for three collectors tested according to standard EN 
12975-2. These comparisons are shown in Figures (2-4), and the main specifications 
of these collectors are listed in Table1. 
From Figures 2 to 4 and the calculation of the average root mean square (RMS) error 
of the results, Model 3 shows particularly good agreement with the reported 
experimental data to within an RMS error of less than 1.06%. This compares with 
RMS errors of the other three models of 2.21 %, 2.7% and 1.21 % for CoDePro, 
Model 1 and Model 2, respectively. Whilst all models gave generally good agreement 
with experiment, Predictions from Model 3 gave the least RMS error and therefore 
Model 3 was chosen to represent the characteristic performance of the flat plate solar 
collector (Type 210) in this study. 
Table 1: Main collector specifications and references. 
Parameter Collector 1 Collector 2 Collector 3 
[76] [77] [78] 
Collector area (rn2) 2.272 1.99 2.489 
Number of risers 8 13 10 
Riser diameter (mm) 6.4 9.52 7 
FRTa 0.779 0.802 0.766 
FRUL 4.336 4.083 4.592 
242 
0.85 
0.8 
0.75 
0.7 
>. 
u 0.65 c 
.!!2 
u 0.6 li: Q) 
0.55 
0.5 
0.45 
0.4 
0 
y(exp) = -4.336x + 0.779 
y(Co) = -4.3431x + 0.7935 
y(m1) = -4.82x + 0.826 
y(rn2) = -4.66x + 0.777 
y(rn3) = -4.324x + 0.767 
0.01 0.02 0.03 
(Tm-Ta)/Gt 
0.04 
• Ex perirrent 
• CoDePro 
M:ldel1 
y M:ldel2 
• M:ldel3 
0.05 0.06 
Appendix C 
Figure 2: Experimental and theoretical efficiency curves for collector I 
0.85 
0.8 
0.75 
0.7 
>. 
u 0.65 c 
.!!2 
u 0.6 li: Q) 
0.55 
0.5 
0.45 
0.4 
0 
y(exp) = -4.083x + 0.8028 
y(co) = -4.6434x + 0.8102 
y(m1) = -4.692x + 0.810 
y(rn2) = -4.329x + 0.793 
y(rn3) = -4.245x + 0.804 
0.01 0.02 0.03 
(Tm-Ta)/Gt 
0.04 
• Experirrent 
• CoDePro 
Model 1 
Model 2 
Model 3 
0.05 0.06 
Figure 3: Experimental and theoretical efficiency curves for collector 2 
2-2- Pipe-Tank Heat Losses Coefficients (Type21l) 
After the solar collector, the next most important part of a thermosyphon system is the 
storage tan1e It is an essential requirement for storing hot water and keeping it warm 
for as long a time as possible in order to provide the user with sufficient hot water. To 
do this effectively, one requires the correct volume and level of insulation of the 
storage tank, taking into consideration the cost effectiveness. Hence, tank volume and 
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overall heat loss coefficient of the tank are very important parameters in determining 
. the thermal performance of the thermosyphon system. Altering the tank volume, 
aspect ratio or the insulation thickness is likely to change the value of heat loss 
coefficient of the tank. In the Type 45 model, the overall heat loss coefficient of the 
tank is considered as a parameter (fixed value), and hence changing the volume and 
the height of the tank, of course, will affect it~ overall loss coefficient and must be 
considered in performing any parametric study. 
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Figure 4: Experimental and theoretical efficiency curves for collector 3 
In this study, the overall tank heat loss coefficient is calculated theoretically to allow 
for changes of tank dimension, insulation material and thickness during the 
optimization process. The calculation is made according to ISO 9459-2.[109] 
In the theoretical procedure, the tank is divided into three parts: top, bottom and sides. 
Heat loss from the tank can be estimated as: 
(1) 
Ignoring the effect of stratification in the tank and assuming the water in the tank to 
be well mixed at temperature (T ave ), Equation 1 can be rewritten as : 
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(2) 
The procedure for detennining the heat loss coefficient of the tank in ISO 9459-2 
prescribes that the wind should flow freely around the tank with a velocity in the 
range 3 - 5 mls. Hence, correlations for forced convection are considered appropriate 
for detennining convection heat transfer coefficients between the outer surface of the 
tank and the ambient environment. 
Many empirical correlations are available in the literature to calculate heat transfer 
coefficients from different surfaces and shapes. In this study, experiments were 
conducted to measure heat losses from two tanks of different sizes, and the best 
agreements compared to the experiment are obtained by using the following 
correlations. 
For the top and bottom of the cylinder, correlations for forced convection over flat 
plates are used [120]: 
Nu = 0.037Reo.8 Pr°.43 (3) 
The above equation can be used for either constant wall temperature or unifonn heat 
flux cases, and for Reynolds numbers up to 3x107 [120]. 
For the sides of the cylinder, the following correlations are used [120]: 
0.62 Re 0.5 Pr l/3 Re 
[ 
5/8]4/5 
Nu = 0.3+ 1+ [1 + (0.4 IPr 2/ 3 ]0.25 (282000) (4) 
The above equation under-predicts by 20% in the range of 20,000 < Re < 400,000. 
Therefore, the recommended equation in this particular range is [120]: 
Nu = 0.3+ 1+ 0.62Re0.5 Pr!/3 [ ( Re )112] [1 + (0.4/Pr 2 / 3 ]O.25 282000 (5) 
In addition, the radiant heat exchange between the outer surface of the tank and the 
surroundings are also considered. An iterative method is used to calculate the outer 
surface temperature of the tanle Using the above correlations, together with 
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correlations for air and water properties as functions of temperature, a computer 
program was written in Fortran 90 and run on Intel Visual FORTRAN 9. The 
program is validated by carrying out experiments for two different tanks as shown in 
Figure 5 and comparing the measured values of overall heat loss coefficient VAt with 
the predictions from the program (Type 211). The comparisons are shown in Table 2. 
The predictions are in good agreement with experiment, with an average error of less 
than 10.1 %. It is possible that some of the error might be the result of irregularity in 
the tank insulation thickness and from the imperfect insulation near the fittings. 
Furthermore, model Type 211 also includes a calculation of the inlet and outlet heat 
loss coefficients of the connecting pipes in the thermosyphon system. 
Figure 5 General view of the experiment setup 
Table 2: Measured and predicted heat losses for two hot water cylinders. 
Aspect UAt 
Volume Insulation (cm) Error 
Tank ratio (W/K) (Lit) % 
(LID) Top Bottom Side Exp. Type211 
1 125 1.78 3.2 3.7 3.5 1.371 1.258 9.4 % 
2 95 1.3 2.1 3.2 2.5 1.570 1.384 11.9 % 
Average error is 11.2 % 
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2-3- Modified Thermosyphon-Collector Component Type 245 
The thermosyphon-collector component model Type 45 has been slightly modified to 
accept the output of the new components (described above in section 2-1 and 2-2) as 
an input. In fact, no modifications are made in the main body of this component, the 
only change is to alter the six parameters (FR Ta, FRUL , ho, Ul, U2, UA/) in Type 
45 from being parameters (in the TRNSYS terminology) to instead being inputs. This 
will enable their values to vary during the simulation. 
3- Testing the Model 
In this study, two TRNSYS models are examined, the first model, which is referred to 
as the 'Original TRNSYS Model' (OM) is the existing TRNSYS procedure to model 
thermosyphon solar water heaters. The original TRNSYS model comprises the 
following main components: thermosyphon-collector component Type 45, weather 
data component Type109, load profile Type 14, in addition to a flow mixer and 
diverter, output and utility components. These are illustrated in Figure 6a. The 
modified model is referred to as 'Modified TRNSYS Model' (MM), and comprises 
the thermosyphon-collector component Type 245 as modified in this study, collector 
characteristics components Type 210, pipe-tank heat loss Type 211, weather data 
component Type 109, load profile Type 14, in addition to a flow mixer and diverter, 
output and utility components, as depicted in Figure 6b. 
4- Results and Discussion 
Comparison between the modified TRNSYS model and the original TRNSYS model 
was made on two thermosyphon systems (system 1 and system 2) each having 
specifications as described in Table 3. In the comparison, it is assumed that the daily 
quantity of hot water withdrawn is 150 litres at 60°C, and is withdrawn according to 
the simple load pattern as shown in Figure 7. Weather data for Tripoli Airport, Libya, 
as provided by TRNSYS, is used in this study. 
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Typel09 
Output devices 
Flow diverter 
Figure (6 a) Schematic diagram of the major components of the original TRNSYS 
model 
Output devices 
Figure (6 b) Schematic diagram of the major components of the modified TRNSYS 
model 
The monthly and yearly solar fractions have been used as the measure for thermal 
performance of the thermosyphon system for both cases (original and modified 
models). The characteristic performances of the collectors listed in Table 3 are based 
on the difference in temperature between inlet fluid and ambient divided by incident 
solar radiation on the collector plate as required by TRNSYS. 
Figure 8 shows the monthly solar fraction of System 1. It is clear that there is little 
difference between the original and modified models. The modified model predicts 
slightly higher values of solar fraction (by no more than 4.87%) as compared to the 
original model, whereas the error in estimating yearly performance is less than 
3.45%. 
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Table 3 Thennosyphon system features 
System 1 
Ae 2.272 m fit 90 lit 
FRra 0.679 VAt 5.65 
kJ/hk 
FRVL 13.77 VI, 8.7946 
kJ/hm2 V2 kJ/hm2 k 
Gtest 72 Jlioad 150 
kglhm2 Lit/day 
Dr 6.4 mm Ht 0.60m 
Dh 22 mm Hr 0.55 m 
Nr 8 Hth 0.50m 
Di,Do 22 mm Haux 0.45 m 
He 1.38 m NB], 4 
NB2 
Ho 1.54 m Paux 10 MJ/h 
Lh 1.087 Tmain 20°C 
Li 2.5 m Tset 60°C 
La 1.5 m p 45 deg 
0.16 
0.14 
~ 0.12 
III 
!Il 0.1 => 
"0 0.08 Q) 
.!:! 
Cii 0.06 E 0.04 0 
z 
0.02 
0 
0 4 8 
System 2 
Ae 2.489 m 
FRra 0.6791 
FRVL 14.6052 
kJ/h m2 
Gtest 72 
kglhm2 
Dr 7.0 mm 
Dh 22 mm 
Nr 10 
Di,Do 22 mm 
He 1.3 m 
Ho 1.45 m 
Lh 1.24 
Li 2.5 m 
La 1.75 m 
12 
lime(hr) 
16 
Vt 
VAt 
VI, 
V2 
V/oad 
Ht 
Hr 
Hth 
Haux 
NB], 
NB2 
Paux 
Tmain 
Tset 
p 
20 
Figure 7: Hot water load pattern used for the study 
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125 lit 
4.94 
kJ/hk 
8.7946 
kJ/h m2 k 
150 
Lit/day 
0.81m 
0.75 m 
0.70m 
0.58 m 
4 
10 MJ/h 
20°C 
60°C 
45 deg 
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In a similar way, the agreement between original and modified TRNSYS models in 
the case of System 2 is also very good as can be seen from Figure 9, with slightly 
higher predictions of monthly solar fraction by the modified model of no more than 
6.06%, and the yearly error prediction ofless than 4.2%. 
The study has shown that the errors incurred by calculating theoretically the 
characteristic perfonnance of the collector and overall heat loss coefficient of the tank 
instead of measuring them experimentally can be considered acceptable for the 
purpose of evaluating and optimising thennosyphon systems. Therefore, the modified 
TRNSYS model (MM) can be used for conducting parametric studies of the design 
parameters ofthennosyphon solar systems. This is described in Part 2 of this paper. 
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Figure 8 Monthly solar fraction of System 1 
5- Conclusions 
Two new components have been added to TRNSYS for use with the modified 
thennosyphon-collector (Type 245) to predict what would otherwise have to be 
experimentally detennined information (FR Ta, FRU L' bo ' Ul, U2, UA/). The new 
components were validated against experimental data and good agreement was 
obtained between the model predictions and experiment. The collector characteristics 
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component Type210 shows very good agreement with three different sets of 
experimental data, with an average RMS error of 1.06%. The pipe-tank heat loss 
coefficients model Type211 also gives good agreement with the data from two 
experiments conducted for validation purposes. This gave an average relative error of 
less than 10.1 %. These models were incorporated into a modified TRNS YS '-
thermosyphon model (MM), the latter giving close agreement with the results of the 
. original TRNSYS thermosyphon model (OM) when tested with two different 
thermosyphon systems, System 1 and System 2. Yearly errors ofless than 3.45% and 
4.2%, respectively, were obtained on comparison of predictions. From original and 
modified models, it is concluded that the modified TRNSYS model developed in this 
paper can be used for parametric investigations of thermosyphon systems. The model 
offers the ability to vary collector characteristics as predicted during the calculation, 
as apposed to using fixed values determined from measurement. A parametric 
investigation of this kind is presented in Part 2. 
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Nomenclature 
Ac Collector area m2 Prandtl number 
Incidence angle modifier coefficient. Bottom heat loss from tank (KJIhr) 
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Header diameter (m) Qs 
Inlet and outlet connecting pipes diameters Q 
T 
(m) 
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Side heat loss from tank (KJ/hr) 
Top heat loss from tank (KJ/hr) 
Dr Riser diameter (m) Q Total heat loss from tank (KJ/hr) 
I,Loss 
FR 'fa Intercept of the collector efficiency curve Re Reynolds number 
FRU L Slope of the collector efficiency curve T
f 
Local fin temperature eC) 
Gtest Collector flow rate at test condition Tmain Temperature of water supplied from 
(kgls m2) the main (0C) 
Ha• x Auxiliary heater position height (m) Tset Auxiliary heater setting temp (0C) 
He Collector perpendicular height (m) Tw Local water temperature in the riser 
(0C) 
Ht 
NBl, 
NB2 
Nr 
Height from datum to the tank bottom (m) UA
t 
Upriser height from the tank bottom (m) Ul, 
U2 
Tank height (m) U fiv 
Thermostat position height (m) V/Dad 
Thermal conductivity ofthe plate (W/mK) V, 
Header length (m) f3 
Lengths of inlet and outlet pipes (m) <5 f 
Number of equivalent right angle bends in !::.X 
inlet and outlet connecting pipes. 
Number of risers ~y 
Nu Nusselt number 
Paux Auxiliary energy input to tank (KJ/hr) 
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Optimisation of Thermosyphon Solar Water Heaters Using 
TRNSYS. Part2: Parametric Study of a Thermosyphon system using 
the Modified TRNSYS Model 
Abstract 
M.J.R. Abdunnabi and D.L. Loveday 
Department o/Civil and Building Engineering, Loughborough University 
Loughborough, Leicestershire, LEll 3TU, UK 
This paper describes the use of TRNSYS to study the effect on performance of the design 
parameters of a direct thermosyphon solar water heater. Changing some design parameters in 
the current version of the Type 45 model in TRNSYS without incorporating the 
corresponding changes in the characteristic performance of the main collector and tank ( 
FR 'fa, FRU L' UAt ) can lead to inaccurate or incorrect results. In this study, a validated 
modified TRNSYS model that takes into account the changes in the collector and tank 
performance characteristics that will occur when changing some related design parameters, is 
employed in a parametric investigation of thermosyphon solar water heaters. The study has 
shown that the modified TRNSYS model gives wider choices for conducting system 
parametric studies than is possible with the original TRNSYS model, and is capable of use as 
a tool for optimising the design ofthermosyphon solar water heaters. 
Key words: thermosyphon solar water heaters, parametric study, 1RNSYS. 
1- Introduction 
Many studies [57-88] have used the thennosyphon component model Type 45 in 
TRNSYS to evaluate the perfonnance of existing thennosyphon systems under 
different weather conditions and different operating conditions. However, only a few 
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studies [19-88] have used TRNSYS to study the effect of the design parameters of a 
thermosyphon system on its performance. This could be attributed to the fact that 
thermosyphon component model Type 45 contains many experimentally-determined 
values (FRra, FRUL , bo , Ul,U2, UA,); changing the design parameters of the 
system will change these values, whereas in the current TRNSYS model they are 
assigned as fixed values. In none of the above studies were there clear reports of any 
changes to the experimentally-determined information when changes were made to 
the design parameters of the system under investigation. 
In Partl of this two part paper, two new components were added to TRNSYS in order 
to predict theoretically the information that is normally determined experimentally. 
These components are: Type 210 collector characteristics and Type 211 pipe-tank 
heat loss coefficient. The new components were added to the modified thermosyphon-
collector component Type 245 that, in turn, was connected to other components to 
constitute a new TRNSYS model for evaluating thermosyphon systems. The new 
TRNSYS model is referred to as the Modified TRNSYS Model (MM). The modified 
TRNSYS model was validated by comparison to the original TRNSYS model, the 
study showing that the maximum error in estimating the yearly solar fraction is less 
than 4.5%. In this part of the study, the modified TRNSYS model is used to 
investigate the effect on system performance of changing system design parameters. 
The optimum design of a thermosyphon solar water heater system depends on many 
factors, such as weather conditions, operating conditions, and design parameters. 
These factors cannot be optimised separately to arrive at an optimum system design 
because they are strongly interrelated. The aim of this study is to use the modified 
TRNSYS model to investigate how each therrriosyphon system design parameter 
behaves as its value is varied. This is conducted for fixed weather data and operating 
conditions. 
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2- Parametric Study 
TRNSYS is a powerful tool for conducting parametric studies that permits the testing 
of various parameters of different values in the same simulation run. However, in the 
current TRNSYS Type 45 model, caution is required in selecting the studied 
parameters as some of them are interrelated. For example, altering the number of 
risers, riser diameter or aspect ratio of a solar thermal collector is likely to affect the 
collector performance characteristics FR 'fa and FRU L' However, in the current 
TRNSYS Type 45 model, these are kept fixed throughout the simulation run because 
they are determined experimentally. This, in turn, will lead to less accurate or 
possibly incorrect results, as well as limiting the number of parameters that can be 
studied. 
In this investigation, and to overcome the problem stated above, the Modified 
TRNSYS Model (MM) is employed. This model permits variation in the system 
parameters that would otherwise have remained fixed. The modified TRNSYS model 
comprises the modified thermosyphon-collector component Type 245, collector 
characteristics component Type 210, pipe-tank heat loss component Type 211, 
weather data component Type 109, load profile, in addition to flow mixer, output and 
utility components. These are depicted in Figure 1. 
The Modified TRNSYS model would be expected to give better predictions and to 
allow more parameters to be investigated. These aspects are addressed in this paper. 
Output devices 
Figure 1 Schematic diagram of the major components of the Modified TRNSYS 
Model 
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3- Methodology 
The study is conducted on a thennosyphon system assumed to be located in Libya, 
and with a specification as listed in Table 1 (all tenns are defined in the 
Nomenclature). The daily quantity of hot water withdrawn is taken to be 150 litres at 
a temperature 60°C and according to a simple load pattern as shown in Figure 2. 
Weather data for Tripoli Airport-Libya, as provided by TRNSYS, is used in this 
study. 
Table 1 Thennosyphon system features 
Ae 2.272 m2 V; 95 lit 
FRra 0.679 UAt 5.65 kJlh k 
FRUL 13.77 kJ/h m
2 Ul,U2 8.79 kJlh m2 k 
Gtest 72 kglh m2 VJoad 150 Lit/day 
Dr 6.4 mm Ht 0.60m 
Dh 22 mm Hr 0.55 m 
Nr 8 Hth (Ht -O.I).m 
D;,Do 22 mm Haux (Ht -0.15) m 
He 1.38 m NB1, NB2 4 
Ho 1.54 m Paux 10 MJ/h 
Lh 1.087 Tma;n 20°C 
L; 2.5 m Tset 60°C 
Lo 1.5 m p 45 deg 
In this paper, annual solar fraction is used as the metric to represent the thermal 
perfonnance of the thennosyphon system, and is defined as the ratio of the annual 
energy supplied by the solar resource to the total energy required by the load over the 
same period. In this investigation, the design parameters examined are: riser diameter, 
number of risers, collector aspect ratio (collector length! collector breadth), tank 
volume, and tank aspect ratio (tank height! tank diameter). 
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4- Investigation, Results and Discussion 
4-1 Effect of Numb er of Risers 
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The effect on the collector and the system of the number of risers is very important 
from the point of view of the thermal performance and the cost. In fact, there is an 
optimum number of risers that results in maximum collector efficiency. Increasing the 
number of risers beyond the optimum will increase the heat losses from the collector 
and, in turn, reduce the efficiency [113]. The optimum number of risers of the 
collector might not be the same if the collector is incorporated in a thermosyphon 
system. Figure 3 shows the behaviour of the system solar fraction as the number of 
risers in the collector is increased. There is clearly a sharp increase in the system solar 
fraction for small numbers of risers until the risers reach five in number. Beyond this 
value, a very slight increase in solar fraction is observed followed by more or less 
constancy. 
4-2 Effect of Riser Diameter 
The effect on the thermosyphon system performance of increasing riser diameter is 
shown in Figure 4. At very small riser diameters of less than 4 mm, the increase in 
riser diameter is accompanied by a sharp increase in the system solar fraction. 
However, beyond 4 mm diameter, the increase in riser diameter causes a reduction in 
the solar fraction until a riser diameter of 10 mm is reached. Beyond this value, riser 
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diameter has an insignificant effect on the solar fraction of the system being 
considered. 
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Figure 3 Effect of number of risers on the system solar fraction 
Figure 4 suggests that the optimum riser diameter is between 3.0 and 5.5 mm for the 
system in question which is very small in practical terms. In practice, such diameters 
are to be avoided in order to prevent bore narrowing and loss of performance that 
. might result from scaling. 
4-3 Collector Aspect Ratio 
The effect of the aspect ratio of the collector on system performance is investigated 
for two cases, i) keeping number of risers fixed per unit area and changing the 
distance between the risers( W), and ii) keeping the distance between the risers fixed 
and changing the number of risers by changing the aspect ratio of the collector. The 
results are shown in Figure 5. In case i), (the broken line), the system performance 
increases gradually by increasing the aspect ratio or by changing the ratio of number 
of risers per collector breadth (NrIWc) (in this case fixing the number of risers (Nr=8) 
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and changing the width of the collector). This has a similar effect to that of increasing 
the number of risers at one aspect ratio as shown in Figure 3. 
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Figure 4 Effect of riser diameter on the system solar fraction 
From Figure 5 it can be seen that increasing the aspect ratio will increase the solar 
fraction of the system for the case of fixing the number of risers in the collector. 
However, this increase might become undesirable from the point of view of aesthetics 
and handling problems. 
In case ii), changing the number of risers per unit area while keeping the distance 
between the risers fixed (NrIWc=const) shows a steady improvement in the solar 
fraction as the aspect ratio of the collector increases. Beyond an aspect ratio of about 
1.2 almost the same performance is obtained for both cases, as well as insignificant 
further increase in solar fraction. It can be deduced that increasing the collector length 
of the tested collector beyond the aspect ratio of 1.2 provides little improvement to 
the thermal performance of the system, and might be aesthetically unacceptable if the 
system was to be installed on flat roofs. 
The results shown in Figure 5 for the case of fixing the distance between risers agree 
to some extent with the results reported by Kirchhoff and Billups [112] where they 
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reported that plates designed for thennosyphon operation should be on the order of 1 
meter in length to take advantage of increased efficiency without excessive loss of 
outlet temperature [112]. It is clear that the increase in the system perfonnance (solar 
fraction) beyond the value where the length of the collector is of the order of 1 meter 
(Lc/Wc =0.44) is less than 5%. 
We can deduce from Figure 5 that the effect on system performance of the distance 
between the risers is more important than the effect of number of risers. 
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Figure 5 Effect of changing aspect ratio of the collector on the solar fraction 
4-4 Effect o/Tank Aspect Ratio 
3 
Changing the aspect ratio of the tank (H/D t) is likely to change the value of the 
overall heat loss coefficient (VAt) between the tank and its surroundings for the case 
of keeping the insulation thickness of the tank (Ltin) fixed. In TRNSYS Type 45 the 
value of the tank loss coefficient is determined experimentally for a particular tank, 
hence changing the aspect ratio will change the surface area of the tank (As) and, in 
turn, the heat loss coefficient will also change. This is shown in Figure 6. 
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Figure 6 effect of aspect ratio on the heat loss coefficient 
The minimum surface area of any cylindrical shape can be determined as occurring at 
an aspect ratio of unity (HtIDt=l) which is likely to give the minimum heat loss from 
the tank. However, does this configuration give the optimum performance when the 
tank is connected as part of the thermosyphon system, in view of stratification and 
thermosyphon head? In, this context, Figure 7 shows that the system performance 
increases by increasing the tank aspect ratio in both the cases of fixing the insulation 
thickness or of assuming constant heat loss coefficient. This implies that stratification 
and thermosyphon head play an important role in the system performance. Decrease 
in the solar fraction beyond an aspect ratio of 5.5 in the case of fixed insulation 
thickness is probably due to the increase in heat loss from the tank. The heat loss 
coefficient can be minimised by increasing the insulation thickness as shown in 
Figure 7 (broken line) where UAt is kept constant at the value as given in Table 1. The 
results of Figure 7 (solid line) agree to some extent with the experiments of Hariharan 
etal. [93] who found, from the range of experiments carried out, that the optimum 
value of HtlDt is between 3 and 4. This requires increasing the insulation thickness of 
the tank, and hence, increasing the system cost. This means there is an optimum value 
of the aspect ratio and the insulation thickness of the tank, which should be sought. 
Figure 7 is generated for the case of an auxiliary heater positioned in the tank 15 cm 
below the top ofthe tank. However, many commercially available systems come with 
different auxiliary heater positions. Therefore, Figure 8 was generated to show the 
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effect of different positions of the auxiliary heater. It can be seen that the auxiliary 
heater position has a major influence on the system performance, and placing the 
auxiliary heater as high as possible in the tank is the most beneficial location provided 
if there are no restrictions. 
It can also be deduced from Figure 7 and Figure 8 that increasing the height of the 
tank will improve the system efficiency due to the improvement in the tank 
stratification and the thermosyphon head. Hence, it illustrates the advantages of 
vertical tanks over horizontal ones. 
4-5 Effect o/Tank Volume 
We now investigate the potential best volume of the tank for the case of drawing 150 
litres of water per day at 60°C according to the load pattern shown in Figure 2. As 
has been seen from Figure 7, the aspect ratio of the tank has a significant effect on the 
system performance, therefore, different aspect ratios are considered for all the 
different volumes tested. The effect of increasing tank volume on the system 
performance is shown in Figure 9 for a range of aspect ratios. 
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3.5 
It can be seen that the optimum tank volume would be around 100 litres (at HtIDt=3) 
when the daily hot water withdrawn is 150 lit at 60°C but also can be between 100 to 
125 litres for other aspect ratios as shown in Figure 9. Increasing the volume beyond 
100 litres (at HtIDt=3) reduces the solar fraction of the system significantly as a result 
of increasing heat loss from the tank. What happens if we increase the amount of hot 
water withdrawn from the system? Figure 10 shows the optimum tank volume for the 
case of the daily hot water withdrawn being increased to 200 litres. Here, the 
optimum tank volume would be around 120 litres. However, the system solar fraction 
reduced from 83.5% to 74.5%. 
Of course, increasing the amount of energy withdrawn from the same system will 
reduce the solar fraction. Therefore, Figure 11 shows the effect of reducing the 
temperature of hot water withdrawal to 45°C instead of 60 °C whilst keeping the 
energy extracted from the system the same, by increasing the quantity of water 
withdrawn from 150 litres to 240 litres. Unexpectedly, the maximum system solar 
fraction is reduced by 3.5% and the optimum tank volume is almost the same. This 
could be attributed to the de-stratification in the tank due to the increase of water flow 
rate in the tank during the draw-off. 
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From the previous results and discussion, the question arises as to the effect of the 
collector area itself. The effect of collector area (adding another collector to the 
system with the same specifications) on the optimum tank volume and solar fraction 
is shown in Figure 12. It is clear that the optimum tank size would be around 135 
litres which is bigger than the size in the first case. That means the collector area is 
more important in determining the optimum tank volume than the quantity of hot 
water withdrawn from the system. 
0.81.------------------------------. 
0.79 
g 0.77 
U 
~ 
u. 
~ 
~ 0.75 
0.73 
-HtlDt=1.0 
-HtlDt=1.5 
-- HtlDt=2.0 
----- HtlDt=2.5 
-HtlDt=3.0 
0.71 +-~~-+--'-~.........,r___"~~_+_~'--'___t_~--'-"'O"'-+_~~_+_-'-~"'--r___"~-'---l 
50 70 90 110 130 150 170 190 210 
Tank Volume (Litres) 
Figure 11 Effect of tank volume on the system solar fraction at different tank aspect 
ratio for daily draw of240 litres and draw-off temperature of 45°C 
Finally, it is clear from the previous figures and the discussion that there is strong 
interaction between different design parameters and significant effects upon optimal 
system design. It is clearly important to conduct a multi-parameter optimisation that 
takes into consideration the interaction between the design parameters, weather 
conditions and usage data to find the optimum combination of parameters for 
individual situations. This will be conducted using evolutionary algorithms 
optimisation techniques such as genetic algorithms, and will be reported in due 
course. 
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5- Conclusions 
Two new components were added to TRNSYS to be used with the modified Type 45 
model to account for experimentally determined information (FRTa, FRVL , bo ' VI, 
V2, VAt). Slight modifications were also made to Type 45 to accept the above data 
as inputs instead of parameters. The modified TRNSYS model was used to conduct a 
parametric study on the design parameters of thermosyphon solar water heaters. 
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Figure 12 Effect of tank volume on solar fraction for different 
collector area and at tank aspect ratio of 3.0 
The effect of different design parameters that consisted of number of risers, riser 
diameter, collector aspect ratio, tank volume and tank aspect ratio on the system solar 
fraction were studied, and the results has been shown. 
The conclusion of the study is that conducting single variable optimisation without 
considering the interaction between weather condition, design parameters, and usage 
data will not give the best system design for a particular set of conditions. Instead, it 
is necessary to consider the effect of all the above factors simultaneously by 
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conducting multi-variable optimisation techniques. This is the only way to attain the 
optimum design of a system for individual situations. 
Nomenclature 
Collector area m2 Le Collector Length (m) 
Surface area of the tank (m2) 
Header diameter (m) 
Lh Header length (m) 
Li. Lo Length of inlet and outlet pipes (m) 
Di • Do Inlet and outlet connecting pipes Ltin 
diameter (m) 
Dr Riser diameter (m) NBl. 
NB2 
Dt Tank diameter (m) Nr 
FR Ta Intercept of the collector efficiency curve Pallx 
FRU L Slope of the collector efficiency curve TSe/ 
Gust Collector flow rate at test condition (kgls UA
t 
m2) 
Hallx Auxiliary heater position height (m) Ul , 
U2 
He Collector perpendicular height (m) ViJad 
Height from datum to the tank bottom V; 
(m) 
Upriser height from the tank bottom (m) We 
Tank height (m) W 
Thermostat position height (m) fJ 
Reference 
Tank insulation thickness (m) 
Number of equivalent right angle bends 
in inlet and outlet connecting pipes. 
Number of risers 
Auxiliary energy input to tank (KJlhr) 
Auxiliary heater setting temp (0C) 
Overall UA value for tank (KJIhr ° C) 
Loss coefficients for inlet and outlet 
pipes (KJIhr m2 ° C) 
Hot water load (Lit/day) 
Tank volume (Lit) 
Collector Width (m) 
Fin width 
collector tilt angle (deg) 
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